All relevant data are within the manuscript and its Supporting Information files.

Introduction {#sec005}
============

Allergic rhino-conjunctivitis (ARC) is an IgE-mediated disease that occurs after exposure to indoor or outdoor allergens, or to non-specific triggers such as smoke and viral infections \[[@pone.0232753.ref001], [@pone.0232753.ref002]\]. Symptoms include rhinorrhea, nasal obstruction, itchy nose, and repetitive sneezing, accompanied by ocular symptoms, such as itchy, red, watery, and swollen eyes \[[@pone.0232753.ref003]\]. Symptoms of ARC are also classified as seasonal or perennial on the basis of their temporal pattern. Seasonal allergies result from exposure to airborne substances that appear only during certain times of the year, with grass pollen being by far the most common cause of disease \[[@pone.0232753.ref004]\]. Depending on whether the symptoms last less or more than 4 days per week or 4 weeks per year, ARC frequency can be divided respectively into intermittent and mild. ARC severity instead, can be classified as mild or more severe respectively when symptoms are present but they do or do not interfere with overall quality of life, exacerbate co-existing asthma, induce sleep disturbances or impair daily activities and school/work performances \[[@pone.0232753.ref005]\]. Furthermore, ARC and asthma are frequently co-occurring conditions, and rhinitis typically precedes the onset of asthma \[[@pone.0232753.ref006]\]. Indeed, it has been estimated that between 19% and 38% of patients with allergic rhinitis suffer from concomitant asthma worldwide \[[@pone.0232753.ref007]\].

Treatment options for seasonal ARC include environmental control of allergens, pharmacological therapies for symptom control, and allergen immunotherapy \[[@pone.0232753.ref004]\]. For the initial treatment of moderate to severe seasonal ARC in persons aged 12 years or older, a combination of an intranasal corticosteroid plus an oral/intranasal antihistamine is recommended \[[@pone.0232753.ref008], [@pone.0232753.ref009]\]. Allergen immunotherapy (AIT) should be considered for patients suffering from moderate or severe persistent symptoms which interfere with usual daily activities or sleep, despite compliant and appropriate drug therapies, or in patients experiencing unacceptable side-effects associated with symptomatic first-line treatments \[[@pone.0232753.ref002], [@pone.0232753.ref005]\]. AIT may also be considered in less severe ARC where a patient wishes to take advantage of its potential for preventing disease progression towards asthma \[[@pone.0232753.ref001]\]. There is a growing body of evidence supporting that AIT induces favorable immunological changes, defined as the persistence of clinical benefits for at least 1-year after treatment discontinuation \[[@pone.0232753.ref010]\]. Another possible role of the latter treatment in children is reducing the risk of new allergen sensitization \[[@pone.0232753.ref011]\], although the evidence still remain poor \[[@pone.0232753.ref012], [@pone.0232753.ref013]\].

With regard to AIT, subcutaneous injection (SCIT) has been the predominant method of administration. However, over the last two decades sublingual application of allergens (SLIT) has increased, and it is now the dominant approach in several European countries \[[@pone.0232753.ref014], [@pone.0232753.ref015]\]. The SCIT regimen comprises an initial loading phase, consisting of a weekly administration of allergen extracts for 1-3 months, followed by monthly maintenance injections \[[@pone.0232753.ref016], [@pone.0232753.ref017]\]. On the contrary, in SLIT regimen the build-up period is not needed and patients receive a once-daily fixed-dose, which is administered continuously throughout the year or pre/co-seasonally, depending on the allergen that triggers the symptoms \[[@pone.0232753.ref018]\]. Maintenance doses for both SCIT and SLIT have traditionally been recommended to be continued for at least 3 years \[[@pone.0232753.ref019], [@pone.0232753.ref020]\].

A benefit from both SCIT and SLIT compared with placebo has been consistently demonstrated in randomized controlled trials (RCTs), but the extent of this effectiveness in terms of clinical benefit is still unclear \[[@pone.0232753.ref021]--[@pone.0232753.ref023]\]. Indirect comparisons of SCIT with SLIT were suggestive of SCIT being more beneficial, but no statistically significant difference was found between these two interventions using a combined symptom-medication score \[[@pone.0232753.ref022]\]. Moreover, discrepancies between the clinical settings of RCTs and those of real clinical practice make the assumptions of these modeling studies uncertain and limit the validity of their conclusions.

In addition, the economic aspects and burden of these therapies are not of secondary importance. The prevalence of ARC has been estimated at 23% in Europe \[[@pone.0232753.ref024], [@pone.0232753.ref025]\], and its cost for the national health services has followed an exponential growth. For example, using data from the National Medical Expenditure Survey it was estimated by \[[@pone.0232753.ref026]\] that total cost of the ARC condition in the USA, in 1994 Dollars, was \$1.23 billion (95% confidence interval, \$846 million to \$1.62 billion), with direct medical expenses accounting for 94% of total costs. Less outdated evidence was reported in \[[@pone.0232753.ref027]\], a study based on a probabilistic prevalence-based cost of illness model, where it was estimated that the total economic burden in Italy associated with respiratory allergies and their main co-morbidities was €7.33 billion in 2015 Euros (95% CI: €5.99 − €8.82), with €5.32 billion for direct medical costs). In the same study, the authors estimated that the annual average direct cost for symptomatic ARC therapy per patient were €129 (Min: €89 − Max: €168) versus €320 (Min: €258 − Max: €381) and €365 (Min: €303 − Max: €427) for SLIT and SCIT, respectively.

Hence, these data suggest that it would be inappropriate to ignore the weight of the economic burden deriving from the use of allergoid immunotherapy for seasonal ARC. Cost-effectiveness analysis (CEA) summarizes the problem of valuing health related outcomes by estimating an incremental cost due to treatment per unit change in outcome \[[@pone.0232753.ref028], [@pone.0232753.ref029]\]. The latter combines information about morbidity and quality of life, in order to generate a quality-adjusted life year (QALY) value. A year in perfect health is associated with 1 QALY and death with 0 QALY, whereas other possible states are ranked between these two extremes \[[@pone.0232753.ref030]\].

The CEA studies reviewed in \[[@pone.0232753.ref023]\] found both SCIT and SLIT being more beneficial than symptomatic treatments in terms of incremental cost-effectiveness ratios (ICERs). From their results, an additional expense of about €22,000 was necessary for a unit increment in QALY over the patients follow-up window. However, \[[@pone.0232753.ref023]\] pointed out there were issues around transparency and robustness of input parameters for most studies. Moreover, none of the cost--utility analyses were conducted by independent researchers. Similarly, \[[@pone.0232753.ref031]\] claimed that the quality of most previously conducted studies is poor, due to the general lack of attention in characterizing uncertainty and handling real-life situations.

For all of the above reasons, we developed a non-stationary Markovian model for CEA of allergoid immunotherapy. This model was flexible enough to reflect those treatment-related problems often encountered in real-life, but that cannot be adequately represented in RCTs \[[@pone.0232753.ref032]\]. At the same time, we described in detail all the structural elements of the model as well as its input parameters, in order to minimize any issue of transparency and facilitate the reproducibility and the circulation of the results. Our model is intended to provide healthcare professionals and policymakers with useful information for cost-effective interventions, which might inform decision-making on selecting the option with the best value.

The emphasis of the paper will be to focus on the simulation of selected scenarios, each based on a specification representing alternative assumptions in order to match relevant clinical situations. In the final section of this manuscript we explored further techniques to quantify parameter estimates uncertainty such as probabilistic sensitivity analysis (PSA), a Monte Carlo method to simulate the sampling distribution of the joint mean cost and efficacy.

Materials and methods {#sec006}
=====================

From the description above we can define three strategies for each treatment option for seasonal ARC. Each strategy comprises a certain number of health states:

1.  `no AIT`, in which symptomatic drug therapy is administered, comprising the three following states: `No Asthma (NA1)`, including patients with ARC without asthma.`Asthma (A1)`, including patients with ARC and asthma.`Death (D1)`.

2.  `SCIT`, comprising five health states: `AIT + No Asthma (ANA2)`, including patients with ARC treated with `SCIT`.`AIT + Asthma (AA2)`, including patients with ARC treated with `SCIT`, who develop or have developed co-existing asthma.`No AIT + no Asthma (NANA2)`, including patients that prematurely abandoned `SCIT` or have completed the 3-year course of treatment.`No AIT + Asthma (NAA2)`, including patients that prematurely abandoned `SCIT` or have completed the 3-year course of treatment, who develop or have developed co-existing asthma.`Death (D2)`.

3.  `SLIT`, comprising five health states `AIT + No Asthma (ANA3)`, similar to `ANA2` once the necessary changes have been made.`AIT + Asthma (AA3)`, as above.`No AIT + no Asthma (NANA3)`, as above.`No AIT + Asthma (NAA3)`, as above.`Death (D3)`.

For each strategy, we simulate the evolution of a cohort of *N* = 1000 individuals in discrete time. The number of individuals in a given health state at the end of Markov cycle *t* is denoted as *n*~*t*~(`s`), with $\mathtt{s} \in \mathcal{S}_{i}$, where $\mathcal{S}_{i}$ is the set of health states of strategy *i* ∈ {1, 2, 3} (for example *n*~*t*~(`AA`~3~)), with the constraint that: $$N = \sum\limits_{\mathtt{s} \in \mathcal{S}_{\mathtt{i}}}n_{t}\left( \mathtt{s} \right)$$ The vector giving the probability of being in a given state at the end of Markov cycle *t* will be denoted as *π*~*i*,*t*~ (for strategy *i*). In particular, *π*~*i*,0~ is the vector of being in a given state at the end of the first period *t* = 0. If not otherwise stated, *t* indicates the end of the *t*-th Markov cycle.

Patient population {#sec007}
------------------

Similarly to the stationary Markov model developed by Verheggen et al. \[[@pone.0232753.ref033]\], patients included in the simulated cohort had the following characteristics (common to all three strategies):

-   Suffered from moderate-to-severe grass-pollen seasonal acute ARC. At entry, none of the patients suffered from co-existing chronic asthma. However, mild-to-moderate allergic asthma can develop as the simulation runs.

-   Positive grass allergen-specific skin prick test and/or elevated serum grass pollen specific IgE.

-   Average age of 35.9 years at entry, reflecting the median of the mean age of patients in the adult studies included in the meta-analysis by \[[@pone.0232753.ref023]\].

Model structure {#sec008}
---------------

A Markov model was considered to simulate, for each strategy, the probability distribution of being in each health state over a discrete sequence of time periods. We assumed the duration of each time period (or Markovian cycle) to be of one year. The beginning of therapy was in *t* = 0, with a follow-up of *T* years, with *T* = 9 in our base case. Although this is not mandatory, a longer follow-up might be clinically justifiable. Subsequent periods were numbered 1, 2, ...,9, for a total of 10 years. For each of the three strategies, the relationships of the patients of the cohort with the available treatments were the following:

-   `no AIT`: symptomatic drug treatment including antihistamine (desloratadine 5mg/die) and nasal corticosteroid (budesonide nasal spray 200 mcg/die; two 50 mcg puffs twice a day). Symptomatic medications were taken daily during grass pollen season from the first year and were continued over the entire follow-up. None of the patients had co-existing asthma at entry and, for simplicity, we assumed that asthmatic disease could not complicate ARC already from the first year.

-   `SCIT`: the therapy is administered for a maximum of three years, in combination with symptomatic therapy. After a maximum of three Markov cycles (i.e. *t* = 0, 1, 2), the immunologic treatment is stopped, and patients continue symptomatic drug therapy alone. AIT discontinuation can occur already from the first Markovian cycle (*t* = 0). Also in this case, patients continue symptomatic therapy over the entire follow-up. As in the case of the `no AIT` strategy, asthma cannot complicate ARC already from the first year.

-   `SLIT`: the assumptions for the `SCIT` strategy shall apply once the necessary changes have been made.

Transition matrices {#sec009}
-------------------

Transition probabilities between states can be described by a square $|\mathcal{S}_{i}\left| \times \right|\mathcal{S}_{i}|$ stochastic matrix *T* (whose rows sum to 1).

The evolution of the `no AIT` strategy is governed by an homogeneous Markov chain (time-invariant), having the state transition diagram shown in [Fig 1](#pone.0232753.g001){ref-type="fig"} (valid for the whole time horizon considered for the simulation) corresponding to the transition matrix denoted with T~1~.

![Transition diagram (no AIT).\
State transition diagram for the `no AIT` strategy, based on symptomatic drug therapy.](pone.0232753.g001){#pone.0232753.g001}

For the `no AIT` strategy, the probability of being in a given health state at the end of Markov cycle *t* is given by: $$\pi_{1,t} = \pi_{1,0}T_{1}^{t}$$ where *π*~1,*t*~ is an $|\mathcal{S}_{1}|$-dimensional row vector. Consequently, the cohort is distributed among possible states according to the following vector: $$N\pi_{1,t}$$

Both `SCIT` and `SLIT` strategies (or AIT for brevity's sake, when it is not relevant to distinguish between them) evolve according to a non-homogeneous Markov chain, following the same health state transitions in both cases. Transition probabilities are different between the two strategies, and the corresponding transition matrices will be denoted as T~2,*t*~ (`SCIT`) and T~3,*t*~ `SLIT`, respectively. The transition diagram is shown below in [Fig 2](#pone.0232753.g002){ref-type="fig"}.

![Transition diagrams (AIT).\
State transition diagrams for `SCIT` and `SLIT` strategies, both referred to as AIT for brevity.](pone.0232753.g002){#pone.0232753.g002}

Up to *t* = 2, among state transitions at time *t* = 1 given the state at *t* = 0 and at time *t* = 2 given the state at *t* = 1, the following changes correspond to therapy discontinuation:

-   `AIT + No Asthma` → `No AIT + No Asthma`

-   `AIT + Asthma` → `No AIT + Asthma`

As already highlighted before, at the end of the third cycle (year), all patients complete their immunological treatment. Therefore, any state transition at time *t* = 3 given the state at *t* = 2 must consider the fact that the probability of being in any state where the immunotherapy is administered must be set to zero. For subsequent cycles, the two states `AIT + No Asthma` and `AIT + Asthma` are no longer reachable, and thus become isolated. The underlying Markov chain becomes observationally equivalent to that defined for the `no AIT` strategy. Moreover, it is worth noting that the probability distribution of states in *t* = 3 is not equal to the initial distribution *π*~1,0~ of the `no AIT` strategy, but reflects the distribution between asthmatic and non-asthmatic patients that has been reached through the state transitions that occurred in the previous cycles.

For both `SCIT` and `SLIT` (*i* = 2, 3), the probability of being in a given health state at the end of Markov cycle *t* is given by \[[@pone.0232753.ref032]\]: $$\pi_{i,t} = \pi_{i,0}\prod\limits_{k = 1}^{t}T_{i,k}$$ where T~*i*,*k*~ contains the transition probabilities for cycle *t* = *k* (given the state at *t* = *k* − 1).

Transition probabilities {#sec010}
------------------------

In order to obtain transition probabilities, a literature review was performed to determine sensible model input parameters. Uncertainty originating from model specification and from uncertainty around the true value of input parameters will be discussed further in the Results and Discussion sections (see also \[[@pone.0232753.ref028]\] for a good introduction of the topic).

### • no AIT {#sec011}

The input parameters of this strategy are not specific, and they will be used for both `SCIT` and `SLIT` as well. In particular:

-   The calculation of 1-year probability of asthma onset was based on the data reported by \[[@pone.0232753.ref034]\], where the frequency of asthma was studied in 6461 participants, aged 20--44 years, without asthma at baseline. In particular (page 1052) it is reported that: "*The probability of having asthma at the end of follow-up (mean 8.8 years) was 4.0% in patients with allergic rhinitis*". For this sub-population of 1217 patents at risk with ARC, the average age was 33.4 years. In this way, both the length of the follow-up and the average age were consistent with our setting. If *p*~`a`~ = 0.040 is the probability that patients without asthma at baseline have asthma at 8.8-year, the 1-year probability can be easily computed assuming that the incidence rate is constant over each time period \[[@pone.0232753.ref035]\]. Under this assumption, the annual incidence rate is: $$r_{\mathtt{a}(1\texttt{yr})} = - \frac{\text{log}\left( 1 - p_{\mathtt{a}} \right)}{t}$$ and, finally, the time-frame was changed obtaining the 1-year incidence probability in the following way: $$p_{\mathtt{a}(1\texttt{yr})} = 1 - \text{exp}\left( - r_{\mathtt{a}(1\texttt{yr})} \right) \approx 0.00463$$

-   The probability of death within 1 year for all causes was obtained from the Italian National Institute of Statistics (ISTAT) mortality tables for general mortality \[[@pone.0232753.ref036]\]. The average age (35.9 years) of the patients included in the meta-analysis by \[[@pone.0232753.ref021]\] was used as reference. Considering that the studies included in the meta-analysis were published between 1999 and 2014, covering a total of 16 years, we used the probability of death within one year for all causes at age 36 in 2010 irrespective of gender, that is *p*~`d(1yr)`~ = 0.00061

-   The mortality among asthmatic patients was adjusted on the ground of data published by \[[@pone.0232753.ref037]\], who reported that mortality from all causes on a population of Finnish adults was increased among asthmatics, with an age-adjusted hazard ratio equal to *RR*~`d(a)`~ = 1:49

The initial state vector, representing the distribution of the cohort at the end of the first cycle, was given by ([4](#pone.0232753.e011){ref-type="disp-formula"}). As by assumption none of the patients had co-existing asthma at entry, and asthmatic disease cannot complicate ARC already from the first year. $$\begin{matrix}
 & \texttt{NA}_{1} & \texttt{A}_{1} & \texttt{D}_{1} \\
{N\pi_{1,0} =} & {(1000} & 0 & \left. 0 \right) \\
\end{matrix}$$

Once the input parameters were suitably combined into the transition matrix, we obtained the following parametric specification. The specific values of transition probabilities were superimposed on the transition diagram shown below in [Fig 3](#pone.0232753.g003){ref-type="fig"}: $$\texttt{T}_{1} = \begin{array}{ll}
\begin{array}{l}
 \\
\texttt{NA}_{1} \\
\texttt{A}_{1} \\
\texttt{D}_{1} \\
\end{array} & \begin{array}{llll}
\texttt{NA}_{1} & \texttt{A}_{1} & \texttt{D}_{1} & \\
\left( \begin{array}{l}
{1 - \left( \bullet \right)} \\
0 \\
0 \\
\end{array} \right. & \begin{array}{l}
p_{\texttt{a}{({1\texttt{yr}})}} \\
{1 - \left( \bullet \right)} \\
0 \\
\end{array} & \left. \begin{array}{l}
p_{\texttt{d}{({1\texttt{yr}})}} \\
{RR_{\texttt{d}{(\texttt{a})}}p_{\texttt{d}{({1\texttt{yr}})}}} \\
1 \\
\end{array} \right) & \\
\end{array} \\
\end{array}$$

![Transition probabilities.\
State transition diagram for the `no AIT` strategy with superimposed transition probabilities, calculated according to transition matrix 5.](pone.0232753.g003){#pone.0232753.g003}

### • SCIT {#sec012}

Both clinical trials and real-life settings have demonstrated that AIT course is frequently problematic due to poor treatment adherence, hence jeopardizing the immunological effects that underlie the clinical outcome \[[@pone.0232753.ref038]--[@pone.0232753.ref041]\]. In light of this, input parameters must keep adherence into account due to its relevant effect. On the other hand, there is an accumulating body of evidence that a well-conducted immunological treatment can reduce the development of asthma \[[@pone.0232753.ref042], [@pone.0232753.ref043]\]. Consequently:

-   For calculating the probability of discontinuing SCIT, we used the data from \[[@pone.0232753.ref040]\], [Table 3](#pone.0232753.t003){ref-type="table"}, considering the following setting: pollen-preseasonal, age ≥ 18 (adults), *N* = 38576. Based on the number of patients who completed the first year of therapy but discontinued during the second year, and those who completed two years of therapy but discontinued during the third, we obtained the following discontinuation probabilities for each of the 3 years of treatment: *p*~`d(1yr)`~ = 0, $p_{\texttt{dr}(2\texttt{yr}_{\mathtt{s}})} = 0.53$, $p_{\texttt{dr}(3\texttt{yr}_{\mathtt{s}})} = 0.45$. According to these data, the adherence to SCIT is maximum during the first year of therapy (i.e. the probability of discontinuation is zero).

-   According to \[[@pone.0232753.ref033], [@pone.0232753.ref044], [@pone.0232753.ref045]\], the relative risk of developing asthma (AIT vs. symptomatic treatment) was set as *RR*~`a(AIT)`~ = 0.505. This input parameter is not specific to `SCIT`; it is valid for `SLIT` as well.

As for `no AIT` strategy, the initial state vector is given by: $$\begin{matrix}
 & \\
\begin{array}{l}
 \\
{N\pi_{2,0} =} \\
\end{array} & \begin{matrix}
\texttt{ANA}_{2} & \texttt{AA}_{2} & \texttt{NANA}_{2} & \texttt{NAA}_{2} & \texttt{D}_{2} \\
\left( 1000 \right. & 0 & 0 & 0 & \left. 0 \right) \\
\end{matrix} \\
\end{matrix}$$

In modeling the dynamics of $\mathcal{S}$-valued time-inhomogeneous Markov chains, we need to specify the sequence of (one-step) transition matrices. Transition probabilities at time *t* = 1 given the state occupied at *t* = 0 are collected in the T~2,1~ matrix: $$\begin{matrix}
\begin{matrix}
 \\
 \\
 \\
{\texttt{T}_{2,1} =} \\
 \\
 \\
\end{matrix} & \begin{array}{l}
 \\
\texttt{ANA}_{2} \\
\texttt{AA}_{2} \\
\texttt{NANA}_{2} \\
\texttt{NAA}_{2} \\
\texttt{D}_{2} \\
\end{array} & \begin{matrix}
\texttt{ANA}_{2} \\
\left( \begin{matrix}
{1 - \left( \bullet \right)} \\
0 \\
0 \\
0 \\
0 \\
\end{matrix} \right. \\
\end{matrix} & \begin{matrix}
\texttt{AA}_{2} \\
{RR_{\texttt{a}(\texttt{AIT})}p_{\texttt{a}(1\texttt{yr})}} \\
{1 - \left( \bullet \right)} \\
0 \\
0 \\
0 \\
\end{matrix} & \begin{matrix}
\texttt{NANA}_{2} \\
p_{\texttt{dr}(2\texttt{yr}_{\texttt{s}})} \\
0 \\
{1 - \left( \bullet \right)} \\
0 \\
0 \\
\end{matrix} & \begin{matrix}
\texttt{NAA}_{2} \\
{p_{\texttt{dr}(2\texttt{yr}_{\texttt{s}})}(RR_{\texttt{a}(\texttt{AIT})}p_{\texttt{a}(1\texttt{yr})})} \\
p_{\texttt{dr}(2\texttt{yr}_{\texttt{s}})} \\
p_{\texttt{a}(1\texttt{yr})} \\
{1 - \left( \bullet \right)} \\
0 \\
\end{matrix} & \begin{matrix}
\texttt{D}_{2} \\
\left. \begin{matrix}
p_{d(1\texttt{yr})} \\
{RR_{\texttt{d}(\texttt{a})}p_{\texttt{d}(1\texttt{yr})}} \\
p_{\texttt{d}(1\texttt{yr})} \\
{RR_{\texttt{d}(\texttt{a})}p_{\texttt{d}(1\texttt{yr})}} \\
1 \\
\end{matrix} \right) \\
\end{matrix} \\
\end{matrix}$$

The transition probability in cell (1, 4) deserves further explanation. Such probability describes the case where a discontinuation of therapy and a newly onset asthmatic disease occur together. A causal relationship between these two events is likely. But in the absence of data strongly supporting this hypothesis, we can treat the two events as conditionally independent. Therefore, we can write down the following approximation: $$\begin{array}{rcl}
{\text{pr}\left( \texttt{ANA}_{2}\rightarrow\texttt{NAA}_{2} \right)} & = & {\text{pr}\left( \texttt{AIT}\texttt{+}\texttt{No}\texttt{Asthma}\rightarrow\texttt{No}\texttt{AIT}\texttt{+}\texttt{Asthma} \right) =} \\
\end{array}$$ $$\begin{array}{ccl}
 & = & {\text{pr}\left( \texttt{No}\texttt{AIT}\texttt{+}\texttt{Asthma}\; \middle| \;\texttt{AIT}\texttt{+}\texttt{No}\texttt{Asthma} \right) =} \\
\end{array}$$ $$\begin{array}{ccl}
 & = & {\text{pr}\left( \texttt{No}\texttt{AIT}\; \middle| \;\texttt{AIT}\texttt{+}\texttt{No}\texttt{Asthma} \right) \times} \\
\end{array}$$ $$\begin{array}{ccl}
 & \times & {\text{pr}\left( \texttt{Asthma}\; \middle| \;\texttt{AIT}\texttt{+}\texttt{No}\texttt{Asthma} \right) =} \\
\end{array}$$ $$\begin{array}{ccl}
 & = & {p_{\texttt{dr}(2\texttt{yr}_{\mathtt{s}})} \times \left( RR_{\mathtt{a}(\texttt{AIT})}p_{\mathtt{a}(1\texttt{yr})} \right)} \\
\end{array}$$ It should be also highlighted that we are assuming that the protective effect of the immunologic treatment on asthma is active only after one year of therapy. After three years of treatment, the protective effect becomes permanent for the whole horizon of the simulation; on the other hand, those who prematurely interrupt the immunologic therapy lose the protective effect, and the 1-year asthma probability almost doubled from *RR*~`a(AIT)`~ *p*~`a(1yr)`~ to *p*~`a(1yr)`~.

Transition probabilities at *t* = 2 given the state occupied at *t* = 1 have a similar structure, once the necessary changes have been made: $$\begin{matrix}
\begin{matrix}
 \\
 \\
 \\
{\texttt{T}_{2,2} =} \\
 \\
 \\
\end{matrix} & \begin{array}{l}
 \\
\texttt{ANA}_{2} \\
\texttt{AA}_{2} \\
\texttt{NANA}_{2} \\
\texttt{NAA}_{2} \\
\texttt{D}_{2} \\
\end{array} & \begin{matrix}
\texttt{ANA}_{2} \\
\left( \begin{matrix}
{1 - \left( \bullet \right)} \\
0 \\
0 \\
0 \\
0 \\
\end{matrix} \right. \\
\end{matrix} & \begin{matrix}
\texttt{AA}_{2} \\
{RR_{\texttt{a}(\texttt{AIT})}p_{\texttt{a}(1\texttt{yr})}} \\
{1 - \left( \bullet \right)} \\
0 \\
0 \\
0 \\
\end{matrix} & \begin{matrix}
\texttt{NANA}_{2} \\
p_{\texttt{dr}(3\texttt{yr}_{\texttt{s}})} \\
0 \\
{1 - \left( \bullet \right)} \\
0 \\
0 \\
\end{matrix} & \begin{matrix}
\texttt{NAA}_{2} \\
{p_{\texttt{dr}(3\texttt{yr}_{\texttt{s}})}(RR_{\texttt{a}(\texttt{AIT})}p_{\texttt{a}(1\texttt{yr})})} \\
p_{\texttt{dr}(3\texttt{yr}_{\texttt{s}})} \\
p_{\texttt{a}(1\texttt{yr})} \\
{1 - \left( \bullet \right)} \\
0 \\
\end{matrix} & \begin{matrix}
\texttt{D}_{2} \\
\left. \begin{matrix}
p_{d(1\texttt{yr})} \\
{RR_{\texttt{d}(\texttt{a})}p_{\texttt{d}(1\texttt{yr})}} \\
p_{\texttt{d}(1\texttt{yr})} \\
{RR_{\texttt{d}(\texttt{a})}p_{\texttt{d}(1\texttt{yr})}} \\
1 \\
\end{matrix} \right) \\
\end{matrix} \\
\end{matrix}$$

As stated before, transition probabilities at *t* = 3 must keep into account that patients terminate the immunotherapy, and thus the probability of reaching a state where AIT is administered must be zero: $$\begin{matrix}
\begin{matrix}
 \\
 \\
 \\
{\texttt{T}_{2,3} =} \\
 \\
 \\
\end{matrix} & \begin{array}{l}
 \\
\texttt{ANA}_{2} \\
\texttt{AA}_{2} \\
\texttt{NANA}_{2} \\
\texttt{NAA}_{2} \\
\texttt{D}_{2} \\
\end{array} & \begin{matrix}
\texttt{ANA}_{2} \\
\left( \begin{matrix}
0 \\
0 \\
0 \\
0 \\
0 \\
\end{matrix} \right. \\
\end{matrix} & \begin{matrix}
\texttt{AA}_{2} \\
0 \\
0 \\
0 \\
0 \\
0 \\
\end{matrix} & \begin{matrix}
\texttt{NANA}_{2} \\
{1 - \left( \bullet \right)} \\
0 \\
{1 - \left( \bullet \right)} \\
0 \\
0 \\
\end{matrix} & \begin{matrix}
\texttt{NAA}_{2} \\
{RR_{\texttt{a}(\texttt{AIT})}p_{\texttt{a}(1\texttt{yr})}} \\
{1 - \left( \bullet \right)} \\
0.00403 \\
{1 - \left( \bullet \right)} \\
0 \\
\end{matrix} & \begin{matrix}
\texttt{D}_{2} \\
\left. \begin{matrix}
p_{d(1\texttt{yr})} \\
{RR_{\texttt{d}(\texttt{a})}p_{\texttt{d}(1\texttt{yr})}} \\
p_{\texttt{d}(1\texttt{yr})} \\
{RR_{\texttt{d}(\texttt{a})}p_{\texttt{d}(1\texttt{yr})}} \\
1 \\
\end{matrix} \right) \\
\end{matrix} \\
\end{matrix}$$ Transition probability in cell (3, 4) is Pr(`No AIT` + `No Asthma` → `No AIT` + `Asthma`), that is the 1-year probability of developing asthma. Up to *t* = 2 a patient reaches a `No AIT` state because she/he has interrupted immunotherapy. From *t* = 3 onwards, a patient who has not prematurely interrupted the treatment has completed a full immunotherapy cycle in *t* = 2, and, with probability 1, she/he moves towards any state labeled `No AIT`. For patients who have not completed a full cycle, the 1-year probability of asthma is *p*~`a(1yr)`~, whereas patients who have completed their therapy are provided with long-term protection, and their 1-year risk of asthma drops to *RR*~`d(a)`~ *p*~`d(1yr)`~. From the data reported in \[[@pone.0232753.ref040]\], [Table 3](#pone.0232753.t003){ref-type="table"}, 26% of patients carry out SCIT for at least three years, and thus the transition probability in cell (3, 4) is calculated as the following weighted average: $$\begin{array}{l}
{\text{Pr}\left( {\texttt{No}\mspace{720mu}\texttt{AIT} + \texttt{No}\mspace{720mu}\texttt{Asthma}}\rightarrow{\texttt{No}\mspace{720mu}\texttt{AIT} + \texttt{Asthma}} \right) =} \\
{= 0.74\; p_{\mathtt{a}(1\texttt{yr})} + 0.26RR_{\mathtt{a}(\texttt{AIT})}p_{\mathtt{a}(1\texttt{yr})} \approx 0.00403} \\
\end{array}$$

For *t* = 4, 5, ... transition probabilities are collected in the matrices T~2,*t*~. States `AIT + no Asthma` and `AIT + Asthma` become isolated, and patients of the cohort cannot reach them anymore. $$\begin{matrix}
\begin{matrix}
 \\
 \\
 \\
{\text{T}_{2,t} =} \\
 \\
 \\
\end{matrix} & \begin{array}{l}
 \\
\texttt{ANA}_{2} \\
\texttt{AA}_{2} \\
\texttt{NANA}_{2} \\
\texttt{NAA}_{2} \\
\texttt{D}_{2} \\
\end{array} & \begin{matrix}
\texttt{ANA}_{2} \\
\left( \begin{matrix}
1 \\
0 \\
0 \\
0 \\
0 \\
\end{matrix} \right. \\
\end{matrix} & \begin{matrix}
\texttt{AA}_{2} \\
0 \\
1 \\
0 \\
0 \\
0 \\
\end{matrix} & \begin{matrix}
\texttt{NANA}_{2} \\
0 \\
0 \\
{1 - \left( \bullet \right)} \\
0 \\
0 \\
\end{matrix} & \begin{matrix}
\texttt{NAA}_{2} \\
0 \\
0 \\
0.00403 \\
{1 - \left( \bullet \right)} \\
0 \\
\end{matrix} & \begin{matrix}
\texttt{D}_{2} \\
\left. \begin{matrix}
0 \\
0 \\
p_{\texttt{d}(1\texttt{yr})} \\
{RR_{\texttt{d}(\texttt{a})}p_{\texttt{d}(1\texttt{yr})}} \\
1 \\
\end{matrix} \right) \\
\end{matrix} \\
\end{matrix}$$ Transition diagrams with superimposed transition probabilities are shown in [Fig 4](#pone.0232753.g004){ref-type="fig"}.

![Transition probabilities.\
State transition diagram for the `SCIT` strategy with superimposed transition probabilities, calculated according to transition matrices ([7](#pone.0232753.e017){ref-type="disp-formula"}), ([13](#pone.0232753.e023){ref-type="disp-formula"}), ([14](#pone.0232753.e024){ref-type="disp-formula"}) and ([16](#pone.0232753.e026){ref-type="disp-formula"}).](pone.0232753.g004){#pone.0232753.g004}

### • SLIT {#sec013}

There are a few differences with the preceding strategy that are worth examining in detail:

-   From \[[@pone.0232753.ref040]\], using [Table 3](#pone.0232753.t003){ref-type="table"} with parameters: pollen, age ≥ 18 (adults), *N* = 570, we obtained the following discontinuation probabilities: *p*~`dr(1yr)`~ = 0.52, $p_{\texttt{dr}(2\texttt{yr}_{\mathtt{s}})} = 0.49$, $p_{\texttt{dr}(3\texttt{yr}_{\mathtt{s}})} = 0.39$. There is an apparently lower adherence to therapy than SCIT, that has been reported in other studies (see \[[@pone.0232753.ref046]\] for recent data).

The initial state vector in *t* = 0 for the `SLIT` arm keeps into account that only 52% stay in the `AIT + No Asthma` state, while the remaining 48% are in `No AIT + No Asthma` state, as these patients started the therapy but discontinued it already in the first year. This has a deep influence on cost calculation already from the first Markovian cycle. Hence the initial state vector is: $$\begin{matrix}
\begin{array}{l}
 \\
{N\pi_{3,0}} \\
\end{array} & \begin{matrix}
\texttt{ANA}_{3} \\
{(1000 - (1 - p_{\texttt{dr}{({1\texttt{yr}})}})} \\
\end{matrix} & \begin{matrix}
\texttt{AA}_{3} \\
0 \\
\end{matrix} & \begin{matrix}
\texttt{NANA}_{3} \\
{1000p_{\texttt{dr}{({1\texttt{yr}})}}} \\
\end{matrix} & \begin{matrix}
\texttt{NAA}_{3} \\
0 \\
\end{matrix} & \begin{matrix}
\texttt{D}_{3} \\
{0)} \\
\end{matrix} \\
\end{matrix}$$

Transition matrices for *t* = 1 and *t* = 2 are formally identical to ([7](#pone.0232753.e017){ref-type="disp-formula"}) and ([13](#pone.0232753.e023){ref-type="disp-formula"}), that is T~3,1~ ≡ T~2,1~, T~3,2~ ≡ T~2,2~, after modifying what was needed to be changed. For *t* = 3 and *t* = 4, 5, ..., ... we have: $$\begin{matrix}
\begin{matrix}
 \\
 \\
 \\
{\text{T}_{3,3} =} \\
 \\
 \\
\end{matrix} & \begin{array}{l}
 \\
\texttt{ANA}_{3} \\
\texttt{AA}_{3} \\
\texttt{NANA}_{3} \\
\texttt{NAA}_{3} \\
\texttt{D}_{3} \\
\end{array} & \begin{matrix}
\texttt{ANA}_{3} \\
\left( \begin{matrix}
0 \\
0 \\
0 \\
0 \\
0 \\
\end{matrix} \right. \\
\end{matrix} & \begin{matrix}
\texttt{AA}_{3} \\
0 \\
0 \\
0 \\
0 \\
0 \\
\end{matrix} & \begin{matrix}
\texttt{NANA}_{3} \\
{1 - \left( \bullet \right)} \\
0 \\
{1 - \left( \bullet \right)} \\
0 \\
0 \\
\end{matrix} & \begin{matrix}
\texttt{NAA}_{3} \\
{RR_{\texttt{a}(\texttt{AIT})}p_{\texttt{a}(1\texttt{yr})}} \\
{1 - \left( \bullet \right)} \\
0.00428 \\
{1 - \left( \bullet \right)} \\
0 \\
\end{matrix} & \begin{matrix}
\texttt{D}_{3} \\
\left. \begin{matrix}
p_{\texttt{d}(1\texttt{yr})} \\
{RR_{\texttt{d}(\texttt{a})}p_{\texttt{d}(1\texttt{yr})}} \\
p_{\texttt{d}(1\texttt{yr})} \\
{RR_{\texttt{d}(\texttt{a})}p_{\texttt{d}(1\texttt{yr})}} \\
1 \\
\end{matrix} \right) \\
\end{matrix} \\
\end{matrix}$$ $$\begin{matrix}
\begin{matrix}
 \\
 \\
 \\
{\text{T}_{3,k} =} \\
 \\
 \\
\end{matrix} & \begin{array}{l}
 \\
\texttt{ANA}_{3} \\
\texttt{AA}_{3} \\
\texttt{NANA}_{3} \\
\texttt{NAA}_{3} \\
\texttt{D}_{3} \\
\end{array} & \begin{matrix}
\texttt{ANA}_{3} \\
\left( \begin{matrix}
1 \\
0 \\
0 \\
0 \\
0 \\
\end{matrix} \right. \\
\end{matrix} & \begin{matrix}
\texttt{AA}_{3} \\
0 \\
1 \\
0 \\
0 \\
0 \\
\end{matrix} & \begin{matrix}
\texttt{NANA}_{3} \\
0 \\
0 \\
{1 - \left( \bullet \right)} \\
0 \\
0 \\
\end{matrix} & \begin{matrix}
\texttt{NAA}_{3} \\
0 \\
0 \\
0.00428 \\
{1 - \left( \bullet \right)} \\
0 \\
\end{matrix} & \begin{matrix}
\texttt{D}_{3} \\
\left. \begin{matrix}
0 \\
0 \\
p_{\texttt{d}(1\texttt{yr})} \\
{RR_{\texttt{d}(\texttt{a})}p_{\texttt{d}(1\texttt{yr})}} \\
1 \\
\end{matrix} \right) \\
\end{matrix} \\
\end{matrix}$$

As \[[@pone.0232753.ref040]\] reports that 15% of patients completed at least three years of therapy, the transition probability in cell (3, 4) can be calculated as: $$\begin{array}{l}
{\text{Pr}\left( {\texttt{No}\mspace{720mu}\texttt{AIT} + \texttt{No}\mspace{720mu}\texttt{Asthma}}\rightarrow{\texttt{No}\mspace{720mu}\texttt{AIT} + \texttt{Asthma}} \right) =} \\
{= 0.85\; p_{\mathtt{a}(1\texttt{yr})} + 0.15RR_{\mathtt{a}(\texttt{AIT})}p_{\mathtt{a}(1\texttt{yr})} \approx 0.00428} \\
\end{array}$$ Finally, the specific values assumed by transition probabilities are shown in [Fig 5](#pone.0232753.g005){ref-type="fig"}.

![Transition probabilities.\
State transition diagram for the `SLIT` strategy with superimposed transition probabilities, calculated according to transition matrices defined above.](pone.0232753.g005){#pone.0232753.g005}

Utilities {#sec014}
---------

Utilities for health states are based on preferences for the different health states, in the sense that the more desirable (i.e. less severe) health states will receive greater weight. Utilities are measured on a cardinal scale 0--1, where 0 indicates death and 1 full health \[[@pone.0232753.ref047]\].

A quantitative index of ARC severity is the Rhinoconjunctivitis Total Symptom Score (RTSS; \[[@pone.0232753.ref048]\]), based on patient reported outcomes. RTSS considers the six symptoms most commonly associated with pollinosis (sneezing, rhinorrhea, nasal pruritus, nasal congestion, ocular pruritus and watery eyes). The self-attributed score to each symptom varies from 0 to 3, namely: 0 = none, 1 = mild, 2 = moderate, 3 = severe. The total of the scores attributed to these six symptoms results in a daily RTSS that can vary from 0 to 18. The final RTSS is calculated as the mean of the total daily scores recorded throughout the whole pollen season.

The utilities associated with seasonal ARC have been estimated in \[[@pone.0232753.ref049]\], who developed a multi-attribute utility index for symptoms of this disease, called RSUI (Rhinitis Symptom Utility Index). This index has been constructed based on the interplay between the two existing standard approaches to assign an utility score to an health state, i.e. the VAS (Visual Analog Scale) and SG (Standard Gamble) methods \[[@pone.0232753.ref050], [@pone.0232753.ref051]\]. Mapping RTSS one-to-one to RSUI was largely based on the same procedure used in \[[@pone.0232753.ref033]\], as communicated to our study group by one of the authors (K.Y. Westerhout, personal communication, 2016-03-10. Full details of the mapping algorithm used are available upon request).

In synthesis, for each possible value of the RTSS score, we were able to calculate the probability distribution of symptom severity, where severity was categorized according to four levels: 0 = none, 1 = mild, 2 = moderate and 3 = severe, as shown in [Table 1](#pone.0232753.t001){ref-type="table"}. For example, in a randomly chosen patient having RTSS = 1, there is an 83% probability that any of the symptoms is present with a degree of severity equal to 0 (or, in other words, the symptom is not present), and a 17% probability that the same symptom has a degree of severity equal to 1 (mild). Finally, each RTSS integer score was mapped in a one-to-one fashion to an utility score using the multi-attribute multiplicative function defined in \[[@pone.0232753.ref049]\]: $$\begin{array}{r}
{u_{i} = 1.198\left( {\overline{s}}_{1} \times {\overline{s}}_{2} \times {\overline{s}}_{3} \times {\overline{s}}_{4} \times {\overline{s}}_{5} \times {\overline{s}}_{6} \right) - 0.198} \\
\end{array}$$ for *i* = 0, 1, 2, ..., 18. For a given RTSS, coefficients ${\overline{s}}_{1}$, ${\overline{s}}_{2}$, ${\overline{s}}_{3}$, ${\overline{s}}_{4}$, ${\overline{s}}_{5}$, and ${\overline{s}}_{6}$, were obtained by taking, for each of the six symptoms used in the calculation of the RTSS, a weighted average of utility scores in [Table 2](#pone.0232753.t002){ref-type="table"} by \[[@pone.0232753.ref049]\] (averaged by symptom severity), weighted by the corresponding probability distribution over symptom severity reported in [Table 1](#pone.0232753.t001){ref-type="table"}. Utilities provided by \[[@pone.0232753.ref049]\] considered only five health states (symptoms), whereas the RTSS is based on six symptoms. For this reason, in order to create a correspondence between the two systems, the column present in the above-mentioned [Table 2](#pone.0232753.t002){ref-type="table"}, named "itchy eyes", was duplicated and named "watery eyes".

10.1371/journal.pone.0232753.t001

###### For each integer RTSS, columns 2 to 5 show the probability distribution on symptom severity, column 6 (*u*~*i*~) reports the RSUI calculated according to 21. Finally, column 7 (*u*~*i*,interp~) shows the model-based RSUI (see the text for a full description).

![](pone.0232753.t001){#pone.0232753.t001g}

  RTSS   None     Mild     Moderate   Severe   *u*~*i*~   *u*~*i*,interp~
  ------ -------- -------- ---------- -------- ---------- -----------------
  0      1.0000   0.0000   0.0000     0.0000   1.0000     0.9999
  1      0.8333   0.1667   0.0000     0.0000   0.9440     0.9444
  2      0.7143   0.2381   0.0476     0.0000   0.8873     0.8864
  3      0.6250   0.2679   0.0893     0.0179   0.8255     0.8255
  4      0.5417   0.2917   0.1250     0.0417   0.7640     0.7638
  5      0.4676   0.3009   0.1620     0.0694   0.7027     0.7029
  6      0.4018   0.3006   0.1935     0.1042   0.6442     0.6437
  7      0.3399   0.2961   0.2215     0.1425   0.5864     0.5864
  8      0.2839   0.2839   0.2473     0.1850   0.5314     0.5310
  9      0.2328   0.2672   0.2672     0.2328   0.4773     0.4775
  10     0.1850   0.2473   0.2839     0.2839   0.4265     0.4261
  11     0.1425   0.2215   0.2961     0.3399   0.3769     0.3769
  12     0.1042   0.1935   0.3006     0.4018   0.3301     0.3298
  13     0.0694   0.1620   0.3009     0.4676   0.2846     0.2848
  14     0.0417   0.1250   0.2917     0.5417   0.2421     0.2419
  15     0.0179   0.0893   0.2679     0.6250   0.2006     0.2007
  16     0.0000   0.0476   0.2381     0.7143   0.1612     0.1608
  17     0.0000   0.0000   0.1667     0.8333   0.1210     0.1212
  18     0.0000   0.0000   0.0000     1.0000   0.0792     0.0790

10.1371/journal.pone.0232753.t002

###### Age- and age- and asthma-adjusted utilities for grass-pollen induced season ARC, for each of the three therapeutic regimes.

![](pone.0232753.t002){#pone.0232753.t002g}

  Age classes                          25--34   35--49   50--64   \>65
  ------------------------------------ -------- -------- -------- --------
  Age-adjusted utilities                                          
  `no AIT` FE                          0.7558   0.7402   0.7013   0.7091
  `no AIT` RE                          0.7516   0.7361   0.6973   0.7051
  `SCIT` FE                            0.8254   0.8083   0.7658   0.7743
  `SCIT` RE                            0.9228   0.9037   0.8562   0.8657
  `SLIT` FE                            0.8057   0.7891   0.7475   0.7578
  `SLIT` RE                            0.8014   0.7849   0.7436   0.7518
  Age- and asthma-adjusted utilities                              
  `SYMPT.` FE                          0.5576   0.5461   0.5174   0.5232
  `SYMPT.` RE                          0.5545   0.5431   0.5145   0.5202
  `SCIT` FE                            0.6090   0.5964   0.5650   0.5713
  `SCIT` RE                            0.6808   0.6668   0.6317   0.6387
  `SLIT` FE                            0.5945   0.5822   0.5515   0.5576
  `SLIT` RE                            0.5913   0.5791   0.5486   0.5547

Utility values *u*~*i*~ can range from a maximum value of 1, when no symptoms are present, to a minimum value of about 0.07 in the worst possible case. However, we introduced some minor variations considering that the RTSS score used in pharmacoeconomic studies it is hardly ever an integer number. On the contrary, it is often an average value estimated from meta-analyses over selected populations. Therefore, the first operation that is usually carried out is rounding such average score to the nearest integer. As estimated by \[[@pone.0232753.ref052]\], the Minimally Important Difference (MID, i.e. the smallest improvement considered worthwhile by a patient) corresponds to a reduction of about 1.1--1.3 points of the RTSS in patients with grass pollen induced ARC, a threshold that can be conceivably rounded to 1 in according to \[[@pone.0232753.ref052]\]. If we consider, for example, an average RTSS score of 4.51 in the treatment group, rounded to RTSS = 5, and an average RTSS score 4.49 in the control group, rounded to RTTS = 4, we introduce a fictitious clinical improvement in the treatment group (according to the MID estimate proposed by \[[@pone.0232753.ref052]\]) which is not actually present in the data. To prevent such rounding bias, we considered an interpolation procedure capable of mapping RTSS scores to RSUI also in case of a non-integer RTSS score. The procedure consists of the following steps:

-   For each degree of symptom severity (`SSev`: 0 = none, 1 = mild, 2 = moderate, 3 = severe), we overfitted a statistical relationship between *X* = RTSS and *Y* = *p*~`SSev`~, where *p*~`SSev`~ is the corresponding probability in the [Table 1](#pone.0232753.t001){ref-type="table"}, using the following polynomial regression model: $$p_{\texttt{SSev}} = \beta_{0} + \beta_{1}X + \cdots + \beta_{p}X^{p} + \text{noise}$$ By setting *p* = 9, we were able to make the overall root mean square prediction error less than 10^−3^. In this way, theoretical probabilities estimated by the polynomial regression model in correspondence of an integer RTSS score are almost indistinguishable from the respective empirical probabilities reported in 1. Moreover, the polynomial model can be used to interpolate probabilities in correspondence of any sensible (possibly non-integer) RTSS as follows: $${\hat{p}}_{\texttt{SSev}} = {\hat{\beta}}_{0} + {\hat{\beta}}_{1}\text{RTSS} + \cdots + {\hat{\beta}}_{p}\text{RTSS}^{p}$$

-   As the four the probabilities in each row, one for each severity level, must sum to 1, the model-based probabilities for 0 = none, 1 = mild and 2 = moderate can be obtained by direct interpolation, while those relative to 3 = severe can be calculated by difference: $${\hat{p}}_{\text{severe}} = 1 - {\hat{p}}_{\text{none}} - {\hat{p}}_{\text{mild}} - {\hat{p}}_{\text{moderate}}$$

-   Finally, on the basis of those interpolated probabilities, we can estimate the RSUI score in correspondence of any possibly non-integer RTSS. For example, for RTSS = 4.50 we get *u*~interp~ = 0.7332, which is roughly equal to the midpoint of the interval (0.7027, 0.7640). For reader's convenience, [Table 1](#pone.0232753.t001){ref-type="table"} also reports the model-based estimated utilities in correspondence of integer RTSS scores.

Having derived a reasonable algorithm for converting a condition-specific symptom score into utilities, we used the following data sources for attaching utilities to health states:

-   `SCIT`, the experimental arm of the meta-analysis 3 ([Fig 1](#pone.0232753.g001){ref-type="fig"}) in \[[@pone.0232753.ref022]\] on the efficacy of SCIT versus placebo for grass-pollen induced seasonal ARC, based on standardized mean differences (SMD) for symptom score (SS).

-   `SLIT`, the experimental arm of the meta-analysis B ([Fig 1](#pone.0232753.g001){ref-type="fig"}) in \[[@pone.0232753.ref021]\] on the efficacy of SLIT versus placebo for grass-pollen induced seasonal ARC, based on mean differences (MD) for SS.

-   `no AIT`, the control arm of the latter meta-analysis.

From \[[@pone.0232753.ref021]\], in order to maintain consistency with the estimated pooled effect size, the average symptom scores in each of the two arms were calculated as: $${\text{average}\mspace{720mu}\text{SS}\mspace{720mu}\text{in}\mspace{720mu}\mspace{720mu}\text{the}\mspace{720mu}\text{experimental}\mspace{720mu}\text{arm}} = {{\overline{x}}^{(e)} = \frac{\sum_{i = 1}^{K}w_{i}^{(e)}{\overline{x}}_{i}^{(e)}}{\sum_{i = 1}^{K}w_{i}^{(e)}}}$$ $${\text{average}\mspace{720mu}\text{SS}\mspace{720mu}\text{in}\mspace{720mu}\text{the}\mspace{720mu}\text{control}\mspace{720mu}\text{arm}} = {{\overline{x}}^{(c)} = \frac{\sum_{i = 1}^{K}w_{i}^{(c)}{\overline{x}}_{i}^{(c)}}{\sum_{i = 1}^{K}w_{i}^{(c)}}}$$ where:

-   ${\overline{x}}_{i}^{(e)}$ is the mean of the *i*th study included in the experimental arm.

-   ${\overline{x}}_{i}^{(c)}$ is the mean of the *i*th study included in the control arm.

-   $w_{i}^{( \cdot )}$ are the respective weights, which differ according to whether either a fixed or a random effect model (FE and RE, respectively) is used for combining data from multiple study \[[@pone.0232753.ref053]\].

The obtained values were, respectively: $$\begin{array}{rcl}
{\overline{x}}^{(c)} & = & \left\{ \begin{array}{l}
{3.7507,\text{FE}\mspace{720mu}\text{model}} \\
{3.8208,\text{RE}\mspace{720mu}\text{model}} \\
\end{array}\operatorname{}\rightarrow\text{average}\mspace{720mu}{\texttt{No}\mspace{720mu}\texttt{AIT}}\text{RTSS} \right. \\
{\overline{x}}^{(e)} & = & \left\{ \begin{array}{l}
{2.9176,\text{FE}\mspace{720mu}\text{model}} \\
{2.9891,\text{RE}\mspace{720mu}\text{model}} \\
\end{array}\operatorname{}\rightarrow\text{average}\mspace{720mu}\texttt{SLIT}\mspace{720mu}\text{RTSS} \right. \\
\end{array}$$

All the studies included in \[[@pone.0232753.ref021]\] used the RTSS ranging from 0 to 18 as the outcome measure, and hence, the obtained average scores were amenable to transformation into health states utilities.

Unfortunately, the same procedure could not be applied to the meta-analysis in \[[@pone.0232753.ref022]\], because effect sizes are expressed on a standardized scale. A sensible solution consists in back-transforming the standardized pooled effect size to a non-standardized scale, thus comparable with that used in the previous meta-analysis. The basic idea, expressed in \[[@pone.0232753.ref054]\], section 12.6.4, is to use a reference standard deviation for the particular measurement scale on which we want to back-transform the standardized pooled effect size as follows: $${\hat{y}}^{(e)} = {\overline{x}}^{\text{typical}} + \left( SMD \times SD^{\text{typical}} \right)$$ where:

-   ${\hat{y}}^{(e)}$ is the unstandardized average score for the experimental arm, back-transformed to the scale of measurement of interest (in our case represented by the RTSS).

-   ${\overline{x}}^{\text{typical}}$ represents the 'typical' baseline average level of the measurement scale on which we want to back-transform. Therefore, the most reasonable choice is: $$\begin{array}{r}
    {{\overline{x}}^{\text{typical}} = {\overline{x}}^{(c)} = \left\{ \begin{array}{l}
    {3.7507,\text{FE}\mspace{720mu}\text{model}} \\
    {3.8208,\text{RE}\mspace{720mu}\text{model}} \\
    \end{array}\operatorname{} \right.} \\
    \end{array}$$

-   *SD*^typical^ represents the 'typical' standard deviation of the measurement scale on which we want to back-transform. In \[[@pone.0232753.ref054]\] it is suggested that "... *the standard deviation could be obtained as the pooled standard deviation of baseline scores in one of the studies*.". As it is not apparent which study should be used for such purpose, we calculated *SD*^typical^ in the following way: $$SD^{\text{typical}} = \frac{\sum_{i = 1}^{K}w_{i}^{(c)}s_{i}^{(c)}}{\sum_{i = 1}^{K}w_{i}^{(c)}}$$ where $s_{i}^{(c)}$ is the sample standard deviation for the *i*th study in the control arm of the previous meta-analysis. In other words, rather than calculating a pooled average, weighted by degrees of freedom as usual (which, however, requires that the variances at population level are the same for all the studies), we have calculated a weighted average using the weights from the estimated model. This procedure allowed to reduce the weight of those studies that had a higher sample variability (which was likely due to a high heterogeneity of the included patients). With this choice, we obtained the following values: $$\begin{array}{r}
    {SD^{\text{typical}} = \left\{ \begin{array}{l}
    {3.1012,\text{FE}\mspace{720mu}\text{model}} \\
    {3.1871,\text{RE}\mspace{720mu}\text{model}} \\
    \end{array}\operatorname{} \right.} \\
    \end{array}$$

-   *SMD* is the standardized pooled effect size (pooled) of the SLIT meta-analysis, equal to -0.38 for the FE model and -0.92 for the RE model, respectively.

Using [Eq (25)](#pone.0232753.e049){ref-type="disp-formula"} we obtained the following unstandardized scores: $$\begin{array}{r}
{{\hat{y}}^{(e)} = \left\{ \begin{array}{l}
{2.5876,\text{FE}\mspace{720mu}\text{model}} \\
{0.8768,\text{RE}\mspace{720mu}\text{model}} \\
\end{array}\operatorname{}\rightarrow\text{average}\mspace{720mu}\texttt{SCIT}\mspace{720mu}\text{RTSS} \right.} \\
\end{array}$$

After transforming the average RTSS into utilities, we obtained the following baseline values: `no AIT` FE = 0.7792; `no AIT` RE = 0.7748; `SCIT` FE = 0.8509; `SCIT` RE = 0.9513; `SLIT` FE = 0.8306; `SLIT` RE: 0.8262.

These utilities refer to a single condition. When deemed appropriate, heterogeneity between individuals belonging to different age groups can be introduced into the model using a multi-utility multiplicative function as in \[[@pone.0232753.ref055]\], that is: $$u_{AB} = u_{A} \times u_{B}$$ where *u*~*A*~ is the utility of a single health condition and *u*~*B*~ indicates the average utility of age class B in the absence of any pathological dimensions. In our case, *u*~*B*~ values were obtained from the utility scores valid for Spain as reported in \[[@pone.0232753.ref056]\]. In a similar way, we also adjusted for the co-existence of asthma, using the utility of 0.7378 attached by \[[@pone.0232753.ref057]\] to patients in whom "allergic rhinitis and mild allergic asthma", characterized by intermittent use of beta-agonists, was present. We finally obtained the following sets of utilities ([Table 2](#pone.0232753.t002){ref-type="table"}), that have a perfect one-to-one correspondence with the health states included in our Markov model. By way of example (using the FE-based utilities): *u*(`NA`~1~) = 0.7402, *u*(`NANA`~2~) = 0.8083, *u*(`AA`~3~) = 0.5822.

Costs {#sec015}
-----

The cost of the medical resources used in the simulation was obtained, directly or indirectly, from various data sources. None of the patients included in the simulated cohort was hospitalized. We used a societal perspective \[[@pone.0232753.ref058]\], by quantifying direct costs due to drug or medical resource consumption, regardless whether these costs were paid by patients or by the provider of the service, that is the Italian Regions and then, ultimately, the Italian Government, as well as direct non-medical costs such as hospital transport cost, which is entirely borne by patients. We also considered indirect non-medical costs, in particular the loss of income due to the number of working hours lost as a result of immunologic treatment administration (`SCIT`). We did not consider intangible costs attributable the physical or psychological distress associated with the disease, given their difficult quantification \[[@pone.0232753.ref059]\]. All costs were given in 2018 values, except costs for asthma medications, which were given in 2010 values (although the low average annual inflation rate over the last 10 years makes this issue more apparent than real). The various cost components have been calculated as follows:

-   Seasonal costs for symptomatic drug treatment, entirely borne by patients. They are obtained by summing the average seasonal cost for both Desloratadine and Budesonide: Desloratidine: 5 mg orally once a day per os, the daily cost is 0.2055 €per 5 mg tablet (Desloratadina DOC---generic drug---4.11 €per pack, 20 tablets). To estimate the average daily consumption of Desloratidine during the entire pollen season we used the data from \[[@pone.0232753.ref060], [@pone.0232753.ref061]\]; in particular, \[[@pone.0232753.ref061]\] reported an average consumption 17.9 tablets per season in the control group and 12.2 tablets per season in the treatment group (treated with SLIT for ARC), while \[[@pone.0232753.ref060]\] reported that the above mentioned difference between the two groups corresponded to a reduction in the medication score from 2.4 (control group) to 1.5 (treated group, undergone SLIT immunotherapy). To transform this reference average consumption into monetary values, we used a simple proportion assuming a linear relationship between the average RTSS reduction and the average Desloratadine consumption reduction during the entire pollen season. For example, using the FE model, the reduction in the RTSS between the control and the experimental group treated with SCIT was equal to 2.9176 − 3.7507 = -0.8331. Hence the average reduction *x* in the Desloratadine consumption for the treated group was calculated as: $$\begin{array}{ccl}
     & & {\left( 12.2 - 17.9 \right):\left( 1.5 - 2.4 \right) = x:\left( - 0.8331 \right)} \\
     & & {\left( - 5.7 \right):\left( - 0.9 \right) = x:\left( - 0.8331 \right)} \\
     & & \left. \rightarrow - 5.28\mspace{720mu}\text{tablets}\mspace{720mu}\text{for}\mspace{720mu}\text{the}\mspace{720mu}\text{entire}\mspace{720mu}\text{pollen}\mspace{720mu}\text{season} \right. \\
    \end{array}$$ which corresponds to a total of 17.9 − 5.28 = 12.62 tablets of Desloratidine on average during the entire pollen season for the `SCIT` strategy. By repeating the same calculations for all possible combinations (`SLIT` and `SLIT`, FE and ME model), and dividing by the mean duration of a pollen season (58 days, see \[[@pone.0232753.ref060]\]), we obtained the average daily consumption of Desloratadine, in tablets per day, valid for the entire pollen season. For the `no AIT` strategy we considered the average seasonal consumption for the control arm reported by \[[@pone.0232753.ref061]\], that is 17.9 tablets per season, corresponding 0.31 tablets per day. The average seasonal cost was obtained by multiplying the average daily consumption for the desired season length (e.g. 60, 90 or 120 days), and calculating the minimum number of packs necessary to ensure the average seasonal consumption. By way of example, with the `SCIT` strategy and a season length of 60 days, the average seasonal consumption was of 10.896 tablets, and thus only 1 pack of Desloratadina DOC was charged, for an average seasonal cost of €4.11.Budesonide: two 50 mcg puffs per nostril twice a day (total 200 mcg per day), the cost per inhalation is 0.0775 €with a daily cost of 0.0775 \* 4 = €0.31, 200 mcg per die (Kesol^®^ Spray 50mcg 10ml/200D, €15.50 per 200 inhalations). We used the same procedure described above for calculating the average seasonal cost.

-   Costs for medical resource use. These costs vary as simulation run unfolds: `no AIT` 1^st^ year (*t* = 0): first access visit: €30.66 for first specialist (physician) visit copayment + €10 for additional fixed copayment to access public health services;€22.91 for further specialist visit;Allergy testing: €11.92 up to 7 allergens for a total of 16 allergens, corresponding to a total cost of €11.92 x 3 + €10 (additional fixed fee) = €44.86.from 2^nd^ year onwards: no additional use of medical resources.`SCIT` 1^st^ year (*t* = 0): first access visit: €30.66 for first specialist visit copayment + €10 for additional fixed copayment to access public health services;12 immunotherapy administrations, 4 administrations during the build-up phase (1st month) + 8 additional administrations in the course of the year. The total cost of this therapeutic schedule must be calculated in blocks of 8 administrations, at a unit cost of €11.96 for each injection, for a total of €11.96 x 8 = €92.69 + €10 (fixed fee) = €102.69. As 1 block is not enough during the first year (we have 12 administrations), we assumed that two blocks are consumed, giving a yearly total cost of 102.69 + 102.69 = €205.38.2^nd^ year (*t* = 1): €22.91 for further specialist visit;10 immunotherapy administrations during the year. Four injections purchased the previous year are still available, thus only one new block will be purchased by patients, incurring a cost of €92.69 + €10 (fixed copayment) = €102.69.3^rd^ year (*t* = 2): €22.91 for further specialist visit;€44.86 for allergy testing;10 immunotherapy administration, €102.69 as above.from 4^th^ years onwards: no additional use medical resources.`SLIT`: the structure of costs for `SLIT` are identical to those charged for `SLIT`, except that patients do not incur in cost for administering the immunotherapy (which is self-administered).

    All the calculations in this section were carried out using the (Italian) health copayment amounts valid for the Apulia Region. Assuming an average duration of 20 minutes for each specialist visit, we can conclude, with a good level of approximation, that the amount of copayment for specialist visits incurred by the patients covers the remuneration that the Apulia Region must pay to the specialist physician. Therefore, in line with the societal perspective used, we do not have to charge any other cost for the specialist visits. The copayment amount incurred by the patient for allergy tests covers the entire cost of the service, and therefore also in this case we do not have to add any other costs to be borne by the National Health System. Medical cost over a follow-up of *T* = 9 years are then hereby detailed: `Years 0–2` `no AIT:` Average = €32.81`SCIT:` Average = €199.95`SLIT:` Average = €63.03`Year 3 and afterwards` None of the strategies incurred in any additional cost for medical resources

-   Costs of immunotherapy. These costs are entirely borne by patients: `SCIT`: The pharmaceutical formulations that we have considered in order to determine the average annual cost were those marketed by the companies listed below. We report the average price per pack, containing 1 vial for 5 administrations; the starter pack containing the vials used for induction response has the same price: Allergofarma (Allergovit^®^): €265Hal-Allergy (Purethal^®^): €225Lofarma (Lais In^®^): €214.50Allergy Therapeutics (Tyrosin TU^®^): €199Alk-Abellò (Pangramin Ultra^®^): €250As 2 packs are needed to administer 10 injections, the average annual for SCIT is equal to: (2 \* 265 + 2 \* 255 + 2 \* 214.50 + 2 \* 199 + 2 \* 250) / 5 = €473.4`SLIT`: The two schedules considered for cost calculation are: GRAZAX^®^: a continuous cycle over three years, 1 sublingual tablet per day. Retail prices of Grazax packs are, respectively: GRAZAX Os 100 Liof 75 000 Sq-t: €330.08GRAZAX Os 30 Liof 75 000 Sq-t: €99.02Thus, one year of therapy with GRAZAZ (360 tablets) costs 3×330.08 + 2×99.02 = €1,289.46ORALAIR^®^: 7 months per year, from 4 months before the beginning of the pollen season, 1 sublingual tablet per day. Retail prices of Oralair are: ORALAIR 30 Cpr Subl 300 lr: €99.28ORALAIR 90 Cpr Subl 300 lr: €297.83Thus, seven months of therapy with ORALAIR (210 tablets) costs 2×297.83 + 99.28 = €694.94. The cost used in the Markov simulations was the average between these two costs, which translates to an average annual cost of (1,289.46 + 694.94) / 2 = €992.2.

-   Costs of asthma: costs for asthma were derived from [Table 2](#pone.0232753.t002){ref-type="table"} in \[[@pone.0232753.ref062]\]. Costs have been estimated on the basis of: "... *462 subjects included in the analysis, that had mild (22.3%), moderate (34.0%) or severe (43.7%) persistent asthma* ...". The average annual direct healthcare cost (given in 2010 Euros) includes specialist medical examinations, clinical and laboratory examinations, medicines and hospital admission and discharge costs, and has been estimated at €594. The average annual indirect non-healthcare cost reflects the loss of productivity due to both lost working days and limitations in non-work-related activities, estimated at €989.

-   Other costs: they must be charged for `SCIT` strategy only, as its administration involves a temporary interruption of work as well as additional transport costs. The first eventuality generates indirect non-healthcare costs (of the same kind of asthma-related indirect costs), while the second generates direct non-healthcare costs that are borne entirely by patients. Using the human-capital method, indirect costs are evaluated as the loss of income that could have been produced, but which was not actually produced because of the onset of the morbid event \[[@pone.0232753.ref063]\]. To obtain an hourly monetary valuation of the loss of productivity, we considered the amount of gross domestic product per capita given in 2014 values equal to €26,697.6 \[[@pone.0232753.ref064]\], first divided over 52 weeks and then over 35 hours per working week, giving an average hourly value of €14.66. For transport costs we assumed a public/private mix, with a cost of €5 per each injection. Indirect costs of lost productivity and costs of transport for the `SCIT` strategy are shown below (for a follow-up of *T* = 9 years): Productivity `Years 0–2:` Average = €312.74`Year 3 and afterwards:` This strategy did not incur any additional costTransport `Years 0–2:` Average = 53.33`Year 3 and afterwards:` This strategy did not incur any additional cost

Results {#sec016}
=======

The evolution of cohorts based on the Markovian model that we have described was simulated in `R` 3.6.1, using the `markovchain` library, v. 0.8.0 \[[@pone.0232753.ref065], [@pone.0232753.ref066]\]. For the base case we used the fixed effects model, calculating the quality adjusted life years (QALYs) as follows: $$\begin{array}{rcl}
\text{QALY}_{t} & = & \left\{ \begin{array}{ll}
{\frac{\left( 12 - k_{s} \right)}{12} \times 1 + \frac{k_{s}}{12}u\left( \texttt{NA}_{1} \right)} & {{\texttt{no}\;\texttt{AIT}},\;{\texttt{No}\;\texttt{Asthma}}} \\
{\frac{\left( 12 - k_{s} \right)}{12} \times 1 + \frac{k_{s}}{12}u\left( \mathtt{A}_{1} \right)} & {{\texttt{no}\;\texttt{AIT}},\;\texttt{Asthma}} \\
\end{array}\operatorname{} \right. \\
\end{array}$$ $$\begin{array}{rcl}
\text{QALY}_{t} & = & \left\{ \begin{array}{ll}
{\frac{\left( 12 - k_{s} \right)}{12} \times 1 + \frac{k_{p}}{12}u\left( \texttt{ANA}_{2} \right) + \frac{k_{s} - k_{p}}{12}u\left( \texttt{NA}_{1} \right)} & {\texttt{SCIT},\;{\texttt{No}\;\texttt{Asthma}}} \\
{\frac{\left( 12 - k_{s} \right)}{12} \times 1 + \frac{k_{p}}{12}u\left( \texttt{AA}_{2} \right) + \frac{k_{s} - k_{p}}{12}u\left( \mathtt{A}_{1} \right)} & {\texttt{SCIT},\;\texttt{Asthma}} \\
\end{array}\operatorname{} \right. \\
\end{array}$$ $$\begin{array}{rcl}
\text{QALY}_{t} & = & \left\{ \begin{array}{ll}
{\frac{\left( 12 - k_{s} \right)}{12} \times 1 + \frac{k_{p}}{12}u\left( \texttt{ANA}_{3} \right) + \frac{k_{s} - k_{p}}{12}u\left( \texttt{NA}_{1} \right)} & {\texttt{SLIT},\;{\texttt{No}\;\texttt{Asthma}}} \\
{\frac{\left( 12 - k_{s} \right)}{12} \times 1 + \frac{k_{p}}{12}u\left( \texttt{AA}_{3} \right) + \frac{k_{s} - k_{p}}{12}u\left( \mathtt{A}_{1} \right)} & {\texttt{SLIT},\;\texttt{Asthma}} \\
\end{array}\operatorname{} \right. \\
\end{array}$$ for *t* = 0, 1, 2, ..., *T*, where:

-   *k*~*s*~ is the length of the grass-pollen season expressed in months (in the base case *k*~*s*~ = 2, that is 60 days).

-   *k*~*p*~ (with *k*~*p*~ ≤ *k*~*s*~) is that part of the pollen season during which immunotherapy is more effective in symptom control than symptomatic therapy. When *k*~*p*~ = *k*~*s*~ then AIT is more effective during the whole pollen season, and both clinical manifestations of ARC and perceived quality of life improve. When *k*~*p*~ \< *k*~*s*~ the clinical manifestations and quality of life improve only at the peak of the pollen season, whereas for the rest of the pollen season the QALY gained are identical to those gained by means of first-line symptomatic therapy.

In the base case, for both premature discontinuations or after the end of therapy, we assumed that the QALY gained were at the same level as those calculated with Formulas ([30](#pone.0232753.e060){ref-type="disp-formula"}) and ([31](#pone.0232753.e061){ref-type="disp-formula"}). For example, the evolution of QALY gained for patients undergone `SCIT` is shown in [Table 3](#pone.0232753.t003){ref-type="table"} (assuming a follow-up of *T* = 9 years):

10.1371/journal.pone.0232753.t003

###### QALY gained in the base case in each cycle of Markov simulation, for each health state of the `SCIT` strategy.

![](pone.0232753.t003){#pone.0232753.t003g}

  *t*         0         1         2         3         4         5         6         7         8         9
  ----------- --------- --------- --------- --------- --------- --------- --------- --------- --------- ---------
  `ANA`~2~    0.96805   0.96805   0.96805   0.96805   0.96805   0.96805   0.96805   0.96805   0.96805   0.96805
  `AA`~2~     0.59640   0.59640   0.59640   0.59640   0.59640   0.59640   0.59640   0.59640   0.59640   0.59640
  `NANA`~2~   0.96805   0.96805   0.96805   0.96805   0.96805   0.96805   0.96805   0.96805   0.96805   0.96805
  `NAA`~2~    0.59640   0.59640   0.59640   0.59640   0.59640   0.59640   0.59640   0.59640   0.59640   0.59640

These assumptions imply that the clinical effectiveness of immunotherapy is maintained for the entire duration of the follow-up. Moreover, the increased efficacy (with respect to symptomatic therapy) is already present from the first year of immunotherapy, and the protective effect is preserved for the entire follow-up even in case of premature discontinuation. These hypotheses are clearly unrealistic, and we are unable to understand whether the same set of assumption has been used by published pharmacoeconomic studies since, as stated before, most of these studies are not transparent about the calculation procedures that were actually used.

Expected QALYs for each cycle were calculated by summing the QALYs for each state by the proportion of the cohort in that state, and then adding these expected cycle QALYs across all cycles to obtain the total expected QALYs over the follow-up horizon. Similarly, expected costs for each cycle were calculated as a weighted averaged of costs pertaining to each state by the proportion of the cohort, with the particularity that patients prematurely abandoning the immunotherapy in a given cycle (either `SCIT` or `SLIT`) were charged of 50% of costs for immunotherapy in that cycle. Moreover, in the base case, indirect costs of lost productivity and transport cost were not charged to patients undergoing `SCIT`. The resulting total cost were calculated adding the expected costs across all cycles. All the expected values (QALYs and costs) were discounted at the annual rate *r* = 0.035 (3.5%). Traces of Markov cohort simulation of each health state in the base case, as well as of expected costs and QALYs can be appreciated in [Fig 6](#pone.0232753.g006){ref-type="fig"}.

![Base case.\
Right: Markov cohort evolution in the base case, where the fixed effects model has been used for calculating health states utilities, and for a pollen season length of 60 days. Left: Markov cohort evolution of expected costs and QALY gained for each Markov cycle.](pone.0232753.g006){#pone.0232753.g006}

Using the `no AIT` strategy as a comparator, the total expected costs and QALYs can be used to calculate an incremental cost-effectiveness ratio (ICER), that is the incremental cost for 1 additional QALY gained required for implementing the immunotherapy for reducing symptoms and asthma co-occurrence in patients suffering from grass-pollen seasonal ARC: $$\text{ICER} = \frac{C_{\texttt{AIT}} - C_{\texttt{No}\;\texttt{AIT}}}{Q_{\texttt{AIT}} - Q_{\texttt{No}\;\texttt{AIT}}} = \frac{\Delta C}{\Delta Q}$$ where *C*~(•)~ indicates the total expected cost across the follow-up horizon (`AIT` = either `SCIT` or `SLIT`), while *Q*~(•)~ indicates the total expected QALYs gained by each of the three strategies. Estimate ([32](#pone.0232753.e062){ref-type="disp-formula"}) is subject to uncertainty, that reflects the uncertainty in the model input parameters \[[@pone.0232753.ref067]--[@pone.0232753.ref069]\]. To demonstrate the possibility of an intervention being cost-effective at a certain willingness-to-pay (WTP) threshold, a probabilistic sensitivity analysis (PSA) is a valuable option, in which a prior sampling distribution of the model input variables is set \[[@pone.0232753.ref070], [@pone.0232753.ref071]\]. In the final section, we will briefly discuss on how our richly parameterized CEA model is well suited for a PSA. However, in this paper we will limit ourselves to the analysis of some selected scenarios, obtained by discontinuously varying one or more input parameters, having a twofold objective in mind. Firstly, we can test whether our conclusions are robust under different circumstances, providing an early level sensitivity analysis. Secondly, these scenarios reflect situations that have a greater adherence to real-life and mirror plausible clinical assumptions, departing from the unrealistic assumptions underlying the base case. Specifically, we simulated the Markovian model under the following alternative settings:

-   Base case with random effects (RE) model: this scenario is identical to the standard base case, except that the effects of interventions are meta-analyzed under the random effect model.

-   No clinical benefit after premature discontinuation: this scenario is the most adverse to immunotherapy, as it is assumed that the higher level of QALYs provided by the administration of `SCIT` and `SLIT` is warranted only after completing a full cycle of three years of therapy (i.e. from *t* = 3 onwards we use Formulas ([30](#pone.0232753.e060){ref-type="disp-formula"}) and ([31](#pone.0232753.e061){ref-type="disp-formula"})), while in *t* = 0, 1, 2 the utilities are calculated according to Formula ([29](#pone.0232753.e059){ref-type="disp-formula"}) (valid for `no AIT`). Furthermore, for all the patients who prematurely discontinue therapy (i.e. before completing a full cycle of three years), the clinical benefit remains at the baseline level warranted by a purely symptomatic therapy (which is never discontinued), and QALYs are calculated with Formula [29](#pone.0232753.e059){ref-type="disp-formula"} for each cycle.

-   No asthma prevention by `AIT`: the only substantial difference with the base case is that `AIT` is assumed to not be more effective than a symptomatic therapy in preventing progression of ARC to asthma. This assumption corresponds to setting: $$RR_{\mathtt{a}(\texttt{AIT})} = 1$$

    Transition matrices must be modified accordingly. In particular, expression 15 becomes: $$\begin{array}{l}
    {\text{pr}\left( {\texttt{No}\mspace{720mu}\texttt{AIT} + \texttt{No}\mspace{720mu}\texttt{Asthma}}\rightarrow{\texttt{No}\mspace{720mu}\texttt{AIT} + \texttt{Asthma}} \right) =} \\
    {= 0.76\; p_{\mathtt{a}(1\texttt{yr})} + 0.24\; p_{\mathtt{a}(1\texttt{yr})} = p_{\mathtt{a}(1\texttt{yr})} \approx 0.00463} \\
    \end{array}$$ with an identical change holding in expression ([20](#pone.0232753.e032){ref-type="disp-formula"}) valid for `SCIT`.

-   Full societal perspective: in this scenario, unlike the base case, the SCIT immunotherapy generates the following additional costs: Indirect non-healthcare costs due to the temporary interruption of work for administering therapy.Direct transportation costs.

For each of the above defined scenarios (included the base cases) we considered four different variation obtained in the following way:

-   length of the follow-up *T* = 9, length of the grass-pollen season *S* = 60, *k*~*p*~ = 2 (the efficacy of the immunotherapy covers *P* = *k*~*p*~\*30 = 60 days, the whole duration of the grass-pollen season).

-   length of the follow-up *T* = 9, length of the grass-pollen season *S* = 120, *k*~*p*~ = 2.

-   length of the follow-up *T* = 14, length of the grass-pollen season *S* = 60, *k*~*p*~ = 2.

-   length of the follow-up *T* = 9, length of the grass-pollen season *S* = 60, *k*~*p*~ = 0.5 (the efficacy of the immunotherapy covers *P* = 0.5\*30 = 15 days, the peak of the grass-pollen season \[[@pone.0232753.ref061]\]).

Results are reported in [Table 4](#pone.0232753.t004){ref-type="table"}, showing expected incremental costs, QALYs and the corresponding ICERs for each scenario and each possible variation. A graphical summary of the same results in the cost-effectiveness plane is shown in [Fig 7](#pone.0232753.g007){ref-type="fig"}. In synthesis, the average incremental QALYs across scenarios are 0.1452 (sd: 0.1252) for `SCIT` and 0.0767 (sd: 0.0516) for `SLIT`. In the same way, the average incremental costs across scenarios are €1420.542 (sd: €271.115) for `SCIT` and €1208.275 (sd: €15.695) for `SLIT`. It emerges that `SCIT` strategy offers, on average, a greater clinical benefit while being costlier than `SLIT` (as a consequence of the greater adherence to therapy, which is reflected in a greater amount of costs for immunotherapy). However, incremental costs of `SCIT` have a larger variability, because of indirect costs of lost productivity and transport cost that are a burden for the full societal scenario.

![Cost-effectiveness plane.\
Expected incremental costs (Δ*C*, in 2018 prices) and expected incremental QALYs (Δ*Q*), for each scenario and each possible variation (20 scenarios in total).](pone.0232753.g007){#pone.0232753.g007}

10.1371/journal.pone.0232753.t004

###### Expected incremental costs (Δ*C*), expected incremental QALYs (Δ*Q*) and the relative ICERs (in 2018 process) for each main scenario and each possible variation (20 scenarios in total).

The length of the grass-pollen season *S*, and of the part *P* of the pollen season during which immunotherapy is more effective in symptom control than symptomatic therapy, are expressed in days (d).

![](pone.0232753.t004){#pone.0232753.t004g}

  Main scenario          Model   *T* + 1   *S* (d)   *P* (d)     Strategy   ΔC          ΔQ       ICER (€)
  ---------------------- ------- --------- --------- ----------- ---------- ----------- -------- ----------
  Base case              FE      10        60        60          `SCIT`     1256.1425   0.1139   11,028
  10                     60      60        `SLIT`    1216.8781   0.0805     15,116               
  10                     120     120       `SCIT`    1389.2147   0.2086     6,660                
  10                     120     120       `SLIT`    1181.5926   0.1486     7,951                
  15                     60      60        `SCIT`    1241.2519   0.1675     7,410                
  15                     60      60        `SLIT`    1208.2757   0.1178     10,257               
  10                     60      15        `SCIT`    1256.1425   0.042      29,908               
  10                     60      15        `SLIT`    1216.8781   0.0289     42,107               
  Base case              RE      10        60        60          `SCIT`     1256.1425   0.2642   4,755
  10                     60      60        `SLIT`    1216.8781   0.0804     15,135               
  10                     120     120       `SCIT`    1389.2147   0.4989     2,785                
  10                     120     120       `SLIT`    1181.5926   0.1483     7,968                
  15                     60      60        `SCIT`    1241.2519   0.3810     3,258                
  15                     60      60        `SLIT`    1208.2757   0.1176     10,274               
  10                     60      15        `SCIT`    1256.1425   0.0872     14,405               
  10                     60      15        `SLIT`    1216.8781   0.0289     42,107               
  Premature discont.     FE      10        60        60          `SCIT`     1256.1425   0.0291   43,166
  10                     60      60        `SLIT`    1216.8781   0.0131     92,891               
  10                     120     120       `SCIT`    1389.2147   0.0444     31,289               
  10                     120     120       `SLIT`    1181.5926   0.0192     61,541               
  15                     60      60        `SCIT`    1241.2519   0.0507     24,482               
  15                     60      60        `SLIT`    1208.2757   0.0229     52,763               
  10                     60      15        `SCIT`    1256.1425   0.0168     74,770               
  10                     60      15        `SLIT`    1216.8781   0.0080     152,110              
  No asthma prevention   FE      10        60        60          `SCIT`     1278.4711   0.0992   12,888
  10                     60      60        `SLIT`    1227.4419   0.0731     16,791               
  10                     120     120       `SCIT`    1411.5424   0.1951     7,235                
  10                     120     120       `SLIT`    1192.1564   0.1419     8,401                
  15                     60      60        `SCIT`    1274.0865   0.1461     8,721                
  15                     60      60        `SLIT`    1223.9551   0.1071     1,1428               
  10                     60      15        `SCIT`    1278.4711   0.0276     46,321               
  10                     60      15        `SLIT`    1227.4419   0.0217     56,564               
  Full societal persp.   FE      10        60        60          `SCIT`     1905.4595   0.1139   16,729
  10                     60      60        `SLIT`    1216.8781   0.0805     15,116               
  10                     120     120       `SCIT`    2038.5317   0.2086     9,772                
  10                     120     120       `SLIT`    1181.5926   0.1486     7,951                
  15                     60      60        `SCIT`    1890.5689   0.1675     11,287               
  15                     60      60        `SLIT`    1208.2757   0.1178     10,257               
  10                     60      15        `SCIT`    1905.4595   0.0420     45,368               
  10                     60      15        `SLIT`    1216.8781   0.0289     42,107               

As far as ICERs are considered, a large variability in outcomes is present. We can observe that:

-   `SCIT` systematically outperforms `SLIT`, except for the full societal perspective (for example, for *T* = 9 and a pollen season of 60 days, we have €16.729 for `SCIT` vs. €15,116 for `SLIT`).

-   For longer pollen seasons (120 days) or longer follow-up duration (*T* = 14) the ICER decreases, because each patient experiences a greater clinical benefit over a larger time span, and QALYs gained per cycle increase accordingly.

-   Assuming that no clinical benefit is achieved after premature discontinuation, and that at least three years of immunotherapy are required to improve clinical manifestations and perceiving a better quality of life, ICERs becomes far greater than €30,000. For example, for *T* = 9 and a pollen season of 60 days, we have €43,166 for `SCIT` €92,891 for `SLIT`.

-   If the immunotherapy is effective only at the peak of the pollen season (15 days), the relative ICERs rise sharply. For example, when no clinical benefit is present after premature discontinuation, we have €74,770 for `SCIT` vs. €152,110 for `SLIT`.

-   The distance between `SCIT` and `SLIT` in the base case increases when the interventions are meta-analyzed under the random effect model. This is an obvious consequence of the fact that the average back-transformed RTSS for `SCIT` is 2.5876 under the RE model vs. 0.8768 under the RE model.

Even in the light of these consideration we cannot conclude that both `SCIT` and `SLIT` (or only one of these two) could be considered cost-effective for ARC, as a reliable threshold value for cost-effectiveness is missing. For example, the British National Institute for Health and Care Excellence (NICE) considers cost-effective each technology whose ICER is not exceeding £30,000 per QALY gained \[[@pone.0232753.ref072]\]. However, other regulatory agencies adopt different thresholds. In the Netherlands for example, the threshold for a drug to be considered cost-effective varies from €10,000 to €80,000 depending on the severity of the disease.

Discussion and conclusions {#sec017}
==========================

In this paper we have introduced a flexible, non-stationary Markov model for CEA of grass-pollen induced seasonal ARC. The model is intended to provide healthcare professionals and policymakers with useful and realistic information for cost-effective interventions. However, there are some limitations that are worth to be discussed further.

As mentioned earlier, the impact of model input parameters uncertainty on the reliability of our conclusions need to be investigated further. Indeed, in most of previously published studies, each input parameter is assigned a point estimate value together with a level of confidence around such estimate. In this way, a prior probability distribution can be assigned to all parameters in the model, and a Monte Carlo simulation to generate the sampling distribution of the joint mean cost and efficacy conducted, so that a quantification of the uncertainty surrounding those estimates can be obtained \[[@pone.0232753.ref073]\]. As already discussed, PSA has the advantage of indicating the probability of a health technology being cost-effective at various thresholds.

In our model, every clinical aspect can be linked to a specific input parameter. For example, it is quite immediate to introduce a prior probability distribution on the fraction of the pollen season during which the immunotherapy is effective, unifying and extending many scenarios that we have presented in [Table 4](#pone.0232753.t004){ref-type="table"}. As *k*~*p*~ is a fraction constrained in a given range (between 0 and *k*~*s*~), the generalized Beta distribution provides a flexible way to specify a probability distribution over a particular range (with a specified minimum and maximum) \[[@pone.0232753.ref074]\]. Prior distributions over the remaining input parameters of the model, such as log-relative risks and costs, are very commonly used in previous literature and hence will not be discussed further \[[@pone.0232753.ref028]\]. On the contrary, it is much more difficult to program and compute a probabilistic Monte Carlo simulation that includes, as a particular case, all the scenarios we have analyzed before. For example, utilities of the scenario in which no clinical benefit is present if the immunotherapy is prematurely discontinued, are calculated differently than the base case (Formulas ([29](#pone.0232753.e059){ref-type="disp-formula"}), ([30](#pone.0232753.e060){ref-type="disp-formula"}) and ([31](#pone.0232753.e061){ref-type="disp-formula"})). In other words, we are facing a discontinuity between the two scenarios that cannot fit in a prior probability distribution. In this case, we could experiment Bernoulli priors to randomly switch between the two scenarios inside the same probabilistic simulation. Future papers might fruitfully further explore these approaches and issues.

In conclusion, our model has demonstrated the ability to study the cost-effectiveness of the immunotherapy for ARC, simulating scenarios that are typical of real-life clinical practice and that cannot fall within the hypotheses underlying RCTs, whose conclusions are sometimes unrealistic and generate ICER estimates that are biased in favor of the cost-effectiveness of interventions. However, as we have already pointed in earlier sections, many are the processes to be refined to make the Markov simulation model even more realistic, and to incorporate the uncertainty about model input parameters in a generalizable way. Indeed, these are interesting topics for future researches, as more investigations are necessary to validate the conclusions that could be drawn from this current study.

10.1371/journal.pone.0232753.r001
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Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

Although both the reviewers assessed that the paper is technically sound and contributes to the economic evaluation literature pertaining to grass pollen allergoid immunotherapy, reviewer 2 pointed to many grammatical and typographical errors, had reservations in terms of the way the narratives are framed, and assessed that many revisions must be made in order to effectively and clearly convey the science both in-text and in the figures/tables. The paper needs to be revised by addressing each point by referee 2 and preparing a \'Author response to reviewer comments\' document. This is a long paper; there are scopes for making it more concise.

Additionally, the manuscript requires major revisions in terms of content presentation and narratives. For instance, the abstract headings could follow typical style of Introduction, methods, results, conclusion (without the use of bullets); the in-text cited references should be presented in order (e.g. in page 3 the authors used the references (22, 44, 54) just after the in-text citation of reference 15,16).

The authors must revise the manuscript by addressing comments from the reviewers and prepare a \'Author response to reviewer comments\' document. Also, the paper needs to be copy-edited for typos and in compliance to the journal styles.

We would appreciate receiving your revised manuscript by Feb 22 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.
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A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.
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We look forward to receiving your revised manuscript.

Kind regards,

Muhammad Jami Husain, Ph.D.
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Reviewer \#1: The manuscript is well written. The authors developed a flexible, non-stationary Markovian model for cost-effective analysis (CEA) of grass-pollen induced seasonal ARC. The goal of developing such model is to provide healthcare professionals and policymakers with useful and realistic information for cost-effective interventions. Although there is no a specific section of conclusion, the purpose of the work has been presented clearly throughout the whole manuscript. It will be more convincing if the authors can apply the non-stationary Markovian model to a set of real data collected from a local or national hospital patients.

Reviewer \#2: This paper presents novel scientific evidence that could be useful for healthcare professionals/practitioners and policymakers concerning grass pollen allergoid immunotherapy. The authors have a very strong background in statistics, health economics, and especialy cost-effectiveness analysis. Robust methods are used and strong assumptions supported by the literature are used for the models. However, revisions must be made in order to effectively and clearly convey the science both in-text and in the figures/tables. The following are requirements and suggestions for revisions:

\*Throughout the paper, minimize the use of adding information into parentheses. It is acceptable to do this sometimes; however, it is done too frequently. Removing the parentheses and re-writing the sentences make it more scientific. The use of so many parentheses makes the tone more casual, as if the authors were trying to interject thoughts, rather than stating necessary information.

\*For all of the tables, include footnotes on abbreviations and any other relevant and necessary information.

-Lines 46 and 50-53: The use of so many parentheses are distracting and read as run-in sentences. Re-write these sentences for better clarity and readibility.

-Line \#53: Using words and phrases such as \"it is important to remember\" change the tone of this scientific paper to a more conversational tone and infers a some subjectivity that is more appropriate for the Discussion. Suggest removing this phrase.

-Line \#54: Remove \"that\".

-Line \#61: Remove \"it\".

-Line \#67: The use of \"indeed\" is used too frequently.

-Line \#74: Add a comma after \"increased\".
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-Line \#90: Consider starting a new paragraph with \"However\...\".

-Line \#90: As mentioned previously, phrases that contain \"more importantly\" infer a sense of subjectivity - this tone and language is more appropriate in the Discussion section. Suggest removing \"even more importantly\".

-Lines \#93-95: I have two questions for this sentence: \"For example, \[58\] estimated that total cost of the ARC condition in the USA, in 1994 Dollars, was \$1.23 billion (95% confidence interval, \$846 million to \$1.62 billion), with direct medical 95 expenses accounting for 94% of total costs.\" (1) The authors include a reference number \[58\] but do not state who estimated the total cost of the ARC condition in the USA - Who conducted the estimation/What is the source of this information? (2) The authors reference a study that used 1994 USD. These dollar amounts are quite outdated, since 1994 is now around 26 years ago. Is there a more recent similar study that has more current estimates?

-Line \#97: Again the authors include a reference \[59\] but fail to mention who esimated that total economic burden in Italy.

-Lines \#105-\#109: Run-on sentence; revise.

-Line \#111: Reference \[54\] stated but who or what study found\...? Please fix all subsequent similar instances throughout the paper.

-Lines \#111-\#115: Run-on sentence; revise.

-Line \#121: This sentence needs to be revised. Again, there is a sense of a more casual tone wih the first two clauses. Remove \"we decided\". Simply state what you did, such as \"we developed\" and \"we describe.\" In addition, it is also too lengthy and is a run-on sentence. Throughout the paper, it is imperative to vary sentence lenghth; however, many sentences need to be shortened to increase clarity and readability.

-Line \#128: Simply stating, \"which help to\...\" is too bold of a conclusion. Revise to say something such as, \"which may inform decision-making on selecting the option with the best value.\"

-Line \#130: Change \"will be focused\" to \"focuses on\"

-Line \#132: \"However\" is used too frequently thoughout. Use different transitions throughout the paper. Change \"we will also\" to \"we discuss\" Remove \"some\"

-Lines \#132-136: Run-on sentence.

-Line \#155: Define \"mutatis mutandis\"; a footnote would be acceptable.

-Line \#159: Remove \"obvious\".

-Line \#165: Again, missing information \[21\].

-Line \#168: The author did not include a hyphen earlier for \"comorbidity.\" Different countries have different conventions concerning the hyphen, so be consistent. If the author uses a hyphen, like in this line for \"co-existing\" then the authors should be consistent throughout.

-Line \#179: Re-write to \"Although this is not mandatory, a longer follow-up might be clinically justifiable.\"

-Line \#185: Remove the comma after \"year\".

-Lines \#187-189: Is there evidence in the literature that can support the assumption made from the statement: \"\[We\] assumed that asthmatic disease could not complicate ARC already from the first year.\"

-Line \#190: Provide a reference for the claim, \"the therapy is administered for a maximum of three years, in combination with symptomatic therapy.\"

-Line \#211: Remove \"Needless to say\".

-Line \#242: In the paragraph, either spell out \"page\" or abbreviate as \"pg\".

-Line \#243: Add \"the\" in front of \"Italian National Institute of Statistics (ISTAT)\".

-Line \#258: Remove \"that\"; past tense also changes here suddently. In this section, decide on which verb tense you want and stick with it for consistency.

-Lines \#262-266: Run-on and ambiguous. Re-word for better clarity.

-Line \#264: Remove the \"s\" to make it \"treatment\".

-Line \#280: Change the comma to a semi-colon and remove \"and\".

-Line \#292: Remove \"an\".

-Lines \#287-290: Run-on; revise.

-Line \#296: Change \"loose\" to \"lose\".

-Line \#301: Remove \"a\" before \"reaching a state\...\"

-Line \#328: Remove \"Of course\".

-Line \#388: Remove \"have\" in front of \"considered\".

\*Table 2 seems too small to be a standalone table. I suggest referring to it as a figure.

-Line \#458: Remove \"decided\" and simply state what you did. Please do this for other instances throughout the paper. For example, re-write the sentence to \"We did not consider intangible costs\...\"

-Line \#498: Add a space in-between \"200\" and \"mcg\".

-Lines \#504-539: Be consistent with periods - either include them or not.

-Line \#570: Remove \"costs\" after \"GRAZAZ\".

-Lines \#552-561: Make sure to close the parentheses.

-Line \#562: Remove \"we\" and change to \"As 2 packs are needed to administer 10 injections\...\"

-Lines \#463-603 (including Table 5). Consider combining Tables 4 and 5. Furthermore, I highly suggest to pull all of the information (direct and indirect costs) from the entire section (\"Cost\") into one consolidated figure and name it something along the lines of \"Direct and Indirect Costs..\"

-Line \#654: Remove \"a\" before \"prior\" or change \"distributions\" to \"distribution\".

\*Table 7: Consider re-formatting the table so you do not have to repeat the same information in each line.

\*There are many diagrams included. Consider choosing which ones to keep in the body of the manuscript or include in an Appendix.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.
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\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]
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15 Feb 2020

To the Academic Editor

Muhammad Jami Hussain, Ph.D.

Thank for your kind comments. We have tried to respond appropriately to each point addressed by the two anonymous referees. The paper has been accurately edited for typos, and it has also been revised by an English mother-tongue reader. We have carefully checked that our manuscript meets PLOS ONE\'s style requirements and naming conventions. With regard to the points you specifically mentioned:

1\) we have carefully revised the references and the ordering of the in-text numbered citations, which have been arranged by order of appearance in the revised version of the paper. We have also corrected two citations which were wrongly formatted according to the APA citation style.

2\) the abstract has been rewritten following a more narrative style, and abstract headings are now arranged according to a typical subdivision into Introduction, Methods, Results and Conclusions. The use of bullets, which has a twofold purpose, has been motivated by the true nature of the paper itself. On one side, our intention is to provide novel scientific evidence to healthcare professionals, conveying useful information aimed at cost-effective interventions for allergic rhino-conjunctivitis (ARC). On the other side, we are also interested in the algorithmic aspects of our proposal. Pharmacoeconomics models are Markov models on a graph characterized by many input parameters, which leave room for arbitrary choices and lack of robustness. And in fact, many published papers are affected by these kinds of issues (see, for example, reference \[23\] for an interesting systematic review of economic evaluations of SCIT and SLIT therapies in adults). For these reasons, we described in detail all the structural components of our model, as well as its input parameters, in order to facilitate the reproducibility and the circulation of its contents. Therefore in summary, the \'hybrid\' nature of our paper led to using bullets as a fast and concise way to convey details about input parameters, utilities and costs in an unambiguous manner. A more narrative style would likely prove unsuitable, maybe resulting in an longer paper as well.

3\) in the original version of the paper the reference to Table 6 was contained in the sentence \'in the Table below\'. In the current version we directly refer to Table 6 in the text, using a Latex \\\\ref{...} command to the corresponding \\\\label{...} command.

Reviewer \#1

Thank you for your kind observations and comments. With regards to questions you specifically raised:

The manuscript is well written. The authors developed a flexible, non-stationary Markovian model for cost-effective analysis (CEA) of grass-pollen induced seasonal ARC. The goal of developing such model is to provide healthcare professionals and policymakers with useful and realistic information for cost-effective interventions. Although there is no a specific section of conclusion, the purpose of the work has been presented clearly throughout the whole manuscript. It will be more convincing if the authors can apply the non-stationary Markovian model to a set of real data collected from a local or national hospital patients.

Thank for your interesting comment. Our model simulates a cohort of individuals over a given timespan, and it is thus unsuitable for your proposed application. Indeed, the model is not estimated from data, but it is simulated using a collection of input parameters which should capture all the relevant details in a realistic way: the structure of the population at risk, the epidemiological aspects, rates of treatment discontinuation and probabilities of progression towards more severe states (such as asthma), utilities, costs, etc... All of this means that your question is perfectly sensible, and can be reformulated as: what is the impact of model input parameters on the reliability of our conclusions? The correct way to answer this question is to assign a prior probability distribution to all parameters in the model, and to generate via Monte Carlo simulation the joint sampling distribution of both costs and benefits. By means of this probabilistic sensitivity analysis (PSA) we will then be able to estimate the probability of being cost-effective at a certain willingness-to-pay (WTP) threshold. The latter WTP threshold can vary substantially as a function of subgroups of patients, as well as of country-specific parameters. These aspects were all discussed in detail in the Discussion and Conclusion section, where we state that PSA is a valuable option to make our conclusion more robust. However, implementation of PSA requires specifying an expanded probabilistic model and therefore a separate full paper. A thorough answer to your question is object of ongoing research.

Reviewer \#2

Thank for your clear and precise revision. We have carefully implemented most of the suggested changes; in particular, the use of parenthesis has been kept to a minimum throughout the revised text, and the paper has been post-edited and revised by an English mother-tongue reader. Hereinafter, we respond in detail to the most relevant points you raised:

-Lines \#93-95: I have two questions for this sentence: \"For example, \[58\] estimated that total cost of the ARC condition in the USA, in 1994 Dollars, was \$1.23 billion (95% confidence interval, \$846 million to \$1.62 billion), with direct medical 95 expenses accounting for 94% of total costs.\" (1) The authors include a reference number \[58\] but do not state who estimated the total cost of the ARC condition in the USA - Who conducted the estimation/What is the source of this information? (2) The authors reference a study that used 1994 USD. These dollar amounts are quite outdated, since 1994 is now around 26 years ago. Is there a more recent similar study that has more current estimates?

We have specified that the data source is the National Medical Expenditure Survey; the paper by Malone et al. (1997) is somewhat outdated, but it is historically significant because it was the first realistic estimate of cost of illness of seasonal allergic rhino-conjunctivitis (ARC). We have not used any estimates from this paper in our simulation. Immediately following, we have reported less outdated evidence provided by a paper in an EU context, where costs are expressed in 2015 Euros, fully confirming the economic burden associated with cost of illness of ARC.

-Line \#155: Define \"mutatis mutandis\"; a footnote would be acceptable.

Footnotes are forbidden in the PLOS ONE\'s style requirements. We replaced \"mutatis mutandis\" with \"after the necessary changes have been made\".

-Lines \#187-189: Is there evidence in the literature that can support the assumption made from the statement: \"\[We\] assumed that asthmatic disease could not complicate ARC already from the first year.\"

-Line \#190: Provide a reference for the claim, \"the therapy is administered for a maximum of three years, in combination with symptomatic therapy.\"

These assumptions are not evidence-based, but rather have often the function to keep the R code simpler, without any loss of generality of the conclusions reached. For example, under the assumption that asthmatic disease could not complicate ARC already from the first year, the initial state vectors takes a particularly simple form. What matters most is that the same assumption is valid for all the three scenarios, and thus no scenario is under- or over-weighted relative to others. Put it another way, removing this assumption would not alter the relative distance between costs and benefits across the various scenarios.

The assumption that the therapy is administered for a maximum of three years has a similar meaning. The literature recommends that SCIT or SLIT should be continued for at least 3 years (see references \[19,20\] in the revised version). If we had assumed that immunotherapy was administered, for example, over a six-year timeframe, we would have reached identical conclusions (except for irrelevant changes in the ICERs) provided that the same assumption had been used for both SCIT and SLIT. In our case, we opted for a three-year timeframe because we had reliable data on immunotherapy discontinuation up to the 3rd year of treatment. Besides, particularly in the case of SLIT, very few patients continue immunotherapy for more than three years.

The use of such \"boundary conditions\" is quite common in simulation-based cost-effectiveness studies, and it is perfectly legitimate provided that: a) the assumptions are not entirely unrealistic; b) they are not used for unduly over-weighting benefits or under-weighting costs of a single scenario.

\*Table 2 seems too small to be a standalone table. I suggest referring to it as a figure.

The single-row Table 2 looked unpleasant. We reformatted it as a better-looking name-value-pair list.

-Lines \#463-603 (including Table 5). Consider combining Tables 4 and 5. Furthermore, I highly suggest to pull all of the information (direct and indirect costs) from the entire section (\"Cost\") into one consolidated figure and name it something along the lines of \"Direct and Indirect Costs..\"

That is exactly what we wanted to avoid doing. Many cost-effectiveness published studies present tables of direct and indirect cost, as well as of base input parameters, but it is often not transparent neither the way in which these parameters have been calculated, nor how they are in turn used to calculate total costs and benefits. Many published papers are affected by these kinds of issues (see, for example, reference \[23\] for an interesting systematic review of economic evaluations of SCIT and SLIT therapies in adults). For these reasons, the very nature of our paper is twofold. On one side, our intention is to provide novel scientific evidence to healthcare professionals, conveying useful information aimed at cost-effective interventions for allergic rhino-conjunctivitis (ARC). On the other side, we are also interested in describing in detail all the structural components of our model, as well as its input parameters, in order to facilitate its reproducibility and circulation, and circumvent the above-mentioned transparency issues. Put in another words, we were more interested in providing detailed information on the calculation of costs and utilities, rather than providing a crude listing of these values.

\*Table 7: Consider re-formatting the table so you do not have to repeat the same information in each line.

We do not understand how the table could be re-formatted. Each line is a unique combination of scenario, meta-analysis estimation model, number of cycles, length of the grass-pollen season, length of the part of the pollen season during which immunotherapy is more effective in symptom control than symptomatic therapy, strategy. We cannot see a way in which all this information could be further compressed.

\*There are many diagrams included. Consider choosing which ones to keep in the body of the manuscript or include in an Appendix.

This is a lengthy paper. Unfortunately, the proposed time-inhomogeneous Markov model is not very easy to understand without any graphical aid. Thus, we believe that all the seven diagrams included should be kept in the body of the manuscript.

10.1371/journal.pone.0232753.r003
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Dear Prof. BILANCIA,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

We would appreciate receiving your revised manuscript by Apr 11 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Muhammad Jami Husain, Ph.D.

Academic Editor

PLOS ONE

Additional Editor Comments (if provided):

Thanks for revising the paper, addressing the reviewers\' comments. We request the authors to take into account the remarks from the second reviewer on the revised submission; and submit a revised version.

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#2: Dear Authors,

This is a very much improved version of the manuscript. Thank you very much for the hard work that was put in. All comments are adequately answered and addressed. However, I have a few minor suggestions, in which I will leave the final decisions to the Editor. Thank you. Great job!

\*\*\*BEGIN RESPONSES\*\*\*

Reviewer \#2

Thank for your clear and precise revision. We have carefully implemented most of the suggested changes; in particular, the use of parenthesis has been kept to a minimum throughout the revised text, and the paper has been post-edited and revised by an English mother-tongue reader. Hereinafter, we respond in detail to the most relevant points you raised.

\*\*\*Thank you very much for making the changes that were required, to many of the suggestions, and providing clarifications and answers to my questions. This revised draft is very much improved and now effectively conveys the science in a clearer, more concise manner. Excellent work.

\*\*\*There is, however, one sentence that needs to be revised in the abstract. The authors accidentally use the word, \"experiment\" instead of \"experience.\" This sentence should be changed to, \"For longer pollen seasons or longer follow-up duration, the ICER decreases because each patient experiences a greater clinical benefit over a larger time span, and quality-adjusted life years (QALYs) gained per cycle increase accordingly.\"

-Lines \#93-95: I have two questions for this sentence: \"For example, \[58\] estimated

that total cost of the ARC condition in the USA, in 1994 Dollars, was \$1.23 billion (95% confidence interval, \$846 million to \$1.62 billion), with direct medical 95 expenses accounting for 94% of total costs.\" (1) The authors include a reference number \[58\] but do not state who estimated the total cost of the ARC condition in the USA - Who conducted the estimation/What is the source of this information? (2) The authors reference a study that used 1994 USD. These dollar amounts are quite outdated, since 1994 is now around 26 years ago. Is there a more recent similar study that has more current estimates?

We have specified that the data source is the National Medical Expenditure Survey; the

paper by Malone et al. (1997) is somewhat outdated, but it is historically significant

because it was the first realistic estimate of cost of illness of seasonal allergic rhinoconjunctivitis. (ARC). We have not used any estimates from this paper in our simulation. Immediately following, we have reported less outdated evidence provided by a paper in an EU context, where costs are expressed in 2015 Euros, fully confirming the economic burden associated with cost of illness of ARC.

\*\*\*Thank you for adding this additional information. It answers my questions.

-Line \#155: Define \"mutatis mutandis\"; a footnote would be acceptable.

Footnotes are forbidden in the PLOS ONE\'s style requirements. We replaced \"mutatis

mutandis\" with \"after the necessary changes have been made\".

\*\*\*This is fine.

-Lines \#187-189: Is there evidence in the literature that can support the assumption

made from the statement: \"\[We\] assumed that asthmatic disease could not complicate

ARC already from the first year.\"

-Line \#190: Provide a reference for the claim, \"the therapy is administered for a

maximum of three years, in combination with symptomatic therapy.\"

These assumptions are not evidence-based, but rather have often the function to keep

the R code simpler, without any loss of generality of the conclusions reached. For

example, under the assumption that asthmatic disease could not complicate ARC

already from the first year, the initial state vectors takes a particularly simple form. What matters most is that the same assumption is valid for all the three scenarios, and thus no scenario is under- or over-weighted relative to others. Put it another way, removing this assumption would not alter the relative distance between costs and benefits across the various scenarios. The assumption that the therapy is administered for a maximum of three years has a similar meaning. The literature recommends that SCIT or SLIT should be continued for at least 3 years (see references \[19,20\] in the revised version). If we had assumed that immunotherapy was administered, for example, over a six-year timeframe, we would have reached identical conclusions (except for irrelevant changes in the ICERs) provided that the same assumption had been used for both SCIT and SLIT. In our

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation

case, we opted for a three-year timeframe because we had reliable data on immunotherapy discontinuation up to the 3rd year of treatment. Besides, particularly in the case of SLIT, very few patients continue immunotherapy for more than three years. The use of such \"boundary conditions\" is quite common in simulation-based costeffectiveness studies, and it is perfectly legitimate provided that: a) the assumptions are not entirely unrealistic; b) they are not used for unduly over-weighting benefits or under-weighting costs of a single scenario.

\*\*\*This explanation make sense. Thank you for clarifying.

\*Table 2 seems too small to be a standalone table. I suggest referring to it as a figure.

The single-row Table 2 looked unpleasant. We reformatted it as a better-looking name value-pair list.

\*\*\*This is fine.

-Lines \#463-603 (including Table 5). Consider combining Tables 4 and 5. Furthermore,

I highly suggest to pull all of the information (direct and indirect costs) from the entire section (\"Cost\") into one consolidated figure and name it something along the lines of \"Direct and Indirect Costs..\"

That is exactly what we wanted to avoid doing. Many cost-effectiveness published

studies present tables of direct and indirect cost, as well as of base input parameters, but it is often not transparent neither the way in which these parameters have been calculated, nor how they are in turn used to calculate total costs and benefits. Many published papers are affected by these kinds of issues (see, for example, reference \[23\] for an interesting systematic review of economic evaluations of SCIT and SLIT therapies in adults). For these reasons, the very nature of our paper is twofold. On one side, our intention is to provide novel scientific evidence to healthcare professionals, conveying useful information aimed at cost-effective interventions for allergic rhinoconjunctivitis (ARC). On the other side, we are also interested in describing in detail all the structural components of our model, as well as its input parameters, in order to facilitate its reproducibility and circulation, and circumvent the above-mentioned transparency issues. Put in another words, we were more interested in providing detailed information on the calculation of costs and utilities, rather than providing a crude listing of these values.

\*\*\*Thank you for your detailed explanations and reasonings behind not consolidating the figures/tables. However, I still feel like Tables 3 and 4 (formerly Tables 4 and 5) are too small to be stand alone. In addition, cutting down on these tables could help with some space, as there are many graphs and diagrams to be included, and the paper itself is very long, as mentioned by the authors and the Editor. Since there are no costs to be reported after Year 3 for both tables, I feel that the data can simply be reported in the body of the manuscript, in bullet-point format like what is already presented, to be consistent with the rest of the paper. For instance, bullet points (placed appropriately in the text) can describe the costs from Table 3: Years 0-2, and another bullet point can state that after Year 3, none of the strategies incurred any cost for medical resources. The same is suggested for the data in Table 4, indirect costs of lost productivity or costs of transport for SCIT. However, this is just a suggestion, and I will leave this up to the Editor.

\*Table 7: Consider re-formatting the table so you do not have to repeat the same information in each line.

We do not understand how the table could be re-formatted. Each line is a unique combination of scenario, meta-analysis estimation model, number of cycles, length of the grass-pollen season, length of the part of the pollen season during which immunotherapy is more effective in symptom control than symptomatic therapy, strategy. We cannot see a way in which all this information could be further compressed.

\*\*\*I see the differences now, that each line is unique. However, because the same words repeat so much, it was hard on the eyes upon first glace. Suggestion: For the \"Main scenario,\" consider stating each scenario only once in the box. For instance, instead of repeating \"Base Case\" 8 times in the first box, simply state it once. Same suggestion for \"Model\". I will leave this up to the Editor.

\*There are many diagrams included. Consider choosing which ones to keep in the body of the manuscript or include in an Appendix.

This is a lengthy paper. Unfortunately, the proposed time-inhomogeneous Markov model is not very easy to understand without any graphical aid. Thus, we believe that all the seven diagrams included should be kept in the body of the manuscript.

\*\*\*I understand the rationale, but I will leave this decision up to the Editor.

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0232753.r004

Author response to Decision Letter 1

8 Apr 2020

To the Academic Editor

Muhammad Jami Hussain, Ph.D.

Dr Prof. Hussain,

as requested, we tried to take into account all the remarks from the second reviewer on the revised submission. Thank you for your valuable help and assistance.

Reviewer \#2

We wanted to thank you for your help and suggestions, through which we were definitely able to improve the revised version of the draft. With respect to the new points you raised:

\*\*\*There is, however, one sentence that needs to be revised in the abstract. The authors accidentally use the word, \"experiment\" instead of \"experience.\" This sentence should be changed to, \"For longer pollen seasons or longer follow-up duration, the ICER decreases because each patient experiences a greater clinical benefit over a larger time span, and quality-adjusted life years (QALYs) gained per cycle increase accordingly.\"

\--\> Thank you for your suggestion. We have now corrected this mistake.

\*\*\*Thank you for your detailed explanations and reasonings behind not consolidating the figures/tables. However, I still feel like Tables 3 and 4 (formerly Tables 4 and 5) are too small to be stand alone. In addition, cutting down on these tables could help with some space, as there are many graphs and diagrams to be included, and the paper itself is very long, as mentioned by the authors and the Editor. Since there are no costs to be reported after Year 3 for both tables, I feel that the data can simply be reported in the body of the manuscript, in bullet-point format like what is already presented, to be consistent with the rest of the paper. For instance, bullet points (placed appropriately in the text) can describe the costs from Table 3: Years 0-2, and another bullet point can state that after Year 3, none of the strategies incurred any cost for medical resources. The same is suggested for the data in Table 4, indirect costs of lost productivity or costs of transport for SCIT. However, this is just a suggestion, and I will leave this up to the Editor.

\--\> After a careful reading, we fully accepted your suggestion. Tables 3 and 4 (formerly Tables 4 and 5) are now removed as they informed too little. Both tables were substituted with a more informative bulleted list, indicating the average monetary value for Years 0 - 2, and that none of the strategies incurred any additional cost for medical resources for Year 3 and afterwards. Thank you again for the useful advice.

\*Table 7: Consider re-formatting the table so you do not have to repeat the same information in each line.

We do not understand how the table could be re-formatted. Each line is a unique combination of scenario, meta-analysis estimation model, number of cycles, length of the grass-pollen season, length of the part of the pollen season during which immunotherapy is more effective in symptom control than symptomatic therapy, strategy. We cannot see a way in which all this information could be further compressed.

\*\*\*I see the differences now, that each line is unique. However, because the same words repeat so much, it was hard on the eyes upon first glace. Suggestion: For the \"Main scenario,\" consider stating each scenario only once in the box. For instance, instead of repeating \"Base Case\" 8 times in the first box, simply state it once. Same suggestion for \"Model\". I will leave this up to the Editor.

\--\> We have reformatted Table 4 (formerly Table 7) on the ground of your advice. The overall readability is now much more improved. Thank you.

10.1371/journal.pone.0232753.r005
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Dear Dr. BILANCIA,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

Muhammad Jami Husain, Ph.D. 

Collection Editor
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Additional Editor Comments (optional):

The reviewer went through the second revision and assessed that the authors have addressed all the comments. The paper may be accepted for publication; kindly requesting the authors to carefully review any proof-read/copy-editing issues, if any.

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#2: Dear Authors,

Thank you very much for making the suggested changes. The manuscript flows nicely in a scientific tone throughout, and the revisions that were made clearly convey and communicate the science. Excellent work.

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#2: No

10.1371/journal.pone.0232753.r006
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A non-stationary Markov model for economic evaluation of grass pollen allergoid immunotherapy

Dear Dr. Bilancia:

I am pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

For any other questions or concerns, please email <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE.

With kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Muhammad Jami Husain

Collection Editor

PLOS ONE
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